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Proteins are omnipresent in all kingdoms of life, where they perform a variety of
functions and are involved in virtual all cellular processes. A classical dogma in
biology is the so-called “structure-function paradigm”, which states that a well-
defined three-dimensional protein structure is required for, and explains its bio-
logical function. Moreover, according to this concept, the information required to
fold a protein into its unique, functional three-dimensional structure is encoded in
the amino acid sequence. Thus, in order to understand protein function significant
efforts have been directed toward the prediction and experimental determination
of 3D protein structures. While progress has been made on the theoretical and com-
putational aspects of protein structure prediction from sequence (see, for example,
Zhang (2008)), these approaches cannot supersede the experimental methods to
actually determine a structure.
The first high-resolution protein structure, that of myoglobin, was determined in
1958 using X-ray crystallography by Kendrew et al. (1958). Since then, the field of
structural biology has grown explosively and the total number of high-resolution
structures deposited in the Protein Data Bank (PDB) (Berman et al., 2003) increased
to around 70 000 in December 2010. As can be seen in Figure 1.1, this number
has increased more or less exponentially over the past decades, and, while the
majority (87%) has been contributed by X-ray crystallography, contributions by nu-
clear magnetic resonance (NMR) spectroscopy and electron microscopy (EM) have
increased significantly as well in recent years (12.5% and 0.5% of the PDB entries,
respectively). The first de novo determined protein structures by homonuclear NMR
were those of the bull seminal protease inhibitor by Wu¨thrich and co-workers in
1984 (Williamson et al., 1985) and the N-terminal part of the lac repressor headpiece
by Kaptein and co-workers in 1985 (Kaptein et al., 1985). The first NMR structure
published by Wu¨thrich and co-workers was met with skepticism by the (X-ray)
community and it was suggested that this structure was modeled after the crystal
structure of the homologous protein PSTI (porcine pancreatic secretory trypsin
inhibitor) (Bolognesi et al., 1982). However, when the X-ray and NMR structures of
a-amylase inhibitor tendamistat solved independently by the Huber and Wu¨thrich
lab, respectively, turned out to be virtually identical (Billeter et al., 1989), the latter
technique became slowly accepted as a trustworthy method to determine protein
structures.
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Figure 1.1. Overview of the total number of structures deposited in the Protein Data
Bank using different experimental methods (left panel) and NMR alone (right
panel). Data taken from the PDB on November 9, 2010.
Indeed, three-dimensional protein structures have given a profound insight into
the interactions between proteins and their surroundings (e.g., substrates or other
proteins) that are important for function. Mounting evidence shows, however, that
besides structural data also a detailed insight into protein dynamics is essential to
fully understand the function of a biological macromolecule (Kay, 1998; Ishima &
Torchia, 2000). For example, in a growing number of systems it has been found
that slow (microsecond to millisecond), collective motions can be rate limiting
for biological function. In particular, many of these structural changes represent
conversions to low-populated and transient protein conformations that are dif-
ficult to study using biophysical tools, but are often the biologically functional
states. Moreover, the validity of the classical structure-function paradigm has
been seriously challenged by the notion that many functional proteins do not
exhibit a stable, well-defined fold (Wright & Dyson, 1999). Many of these so-called
“intrinsically disordered proteins” (IDPs) contain long stretches of amino acids that
lack a unique, stable 3D structure or are fully disordered in solution but are still
functional. Computational studies indicate that the occurrence and length of these
disordered regions increase with organism complexity and predict that around 33%
of eukaryotic proteins contain long intrinsically disordered regions, and that 12%
of these systems are fully disordered.
As indicated in Figure 1.1, X-ray crystallography is by far the main source of high-
resolution, three-dimensional protein structures. Even though NMR spectroscopy
has only a small market share in the field of structure determination, it nicely
complements X-ray crystallography and contributes significantly to the field of
structural biology (Wu¨thrich, 1995). Which technique should be used totally de-
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pends on the biological system of interest and the type of question to be addressed.
X-ray crystallography is the main choice if the aim is a high-resolution, static pro-
tein structure: themethodology is well-established, relatively fast/straightforward,
and results typically in high quality-structures. However, a prerequisite, and often
major bottleneck, of the technique is to obtain suitable crystals for the protein of
interest that diffract to sufficient resolution. Once such crystals are obtained and the
phase-problem can be solved, structure determination using X-ray crystallography
is amenable to high molecular weight proteins, membrane proteins as well as
higher order complexes (see Figure 1.2). On the other hand, some proteins are
notoriously difficult or impossible to crystallize and, therefore, cannot be studied
using this methodology. In particular, flexibility is known to prohibit the formation
of high-quality crystals and, most notably, the class of intrinsically disordered
proteins (IDPs) remains elusive to this technique.
NMR spectroscopy, on the other hand, allows for the investigation of protein struc-
ture and dynamics under close to natural conditions (e.g., in solution, ambient ionic
strength, and around neutral pH). As a consequence, in cases where crystallization
fails, NMR spectroscopy can be a viable alternative to obtain structural information
(see Chapter 2 for an example). It should be noted, however, that protein struc-
ture determination using NMR is far more labor-intensive and time-consuming
compared to X-ray crystallography. Crystallographers can typically determine a
protein structure in matter of hours to days once the data is acquired, while the
analysis of the NMR data, structure calculation and validation can easily take
months even though much effort is put into automation of the analysis. Moreover,
in crystallography one can actually observe the position of backbone atoms in the
electron densitymap, while theNMR restraints that are used to calculate a structure
are more implicit and sometimes more ambiguous in the interpretation. Therefore,
a critical assessment of the quality of the resulting structural ensemble is required
(see, for example, Doreleijers (1999) and Nabuurs (2005)), but if done properly also
high-quality NMR structures can be determined. The real power of NMR spec-
troscopy, however, is its ability to investigate important other phenomena in the
field of structural biology (i.e., protein dynamics and protein-protein interactions)
that are difficult or cannot be studied by X-ray crystallography. In particular, in
the field of IDPs NMR spectroscopy is the most suitable biophysical technique to
gain insight into the atomic details of these highly dynamic systems (see section
1.4). Moreover, since protein dynamics is recognized as an important factor to
understand biological function there is significant interest to study these dynamical
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processes and also here, NMR spectroscopy is the only experimental technique
that is able to provide such information at atomic resolution on a wide range of
time scales (see section 1.5). The main limitation of NMR in structural biology,
however, becomes clear by looking at Figure 1.2, where the number of structures
deposited in the PDB is plotted versus molecular weight. On December 2010, 8668
structures were determined using NMR spectroscopy, with most proteins having
a molecular weight between 8–15 kDa, and only a few structures were of proteins
above 25 kDa. Of note, several of the PDB entries of systems over 25 kDa are not de
novo determined NMR structures, but represent protein complexes determined by
computational methods using NMR restraints.
Figure 1.2. Distribution of the molecular weight of protein structures up to 100 kDa
determined by X-ray crystallography and NMR spectroscopy (data taken from
the PDB on November 9, 2010). The light grey area indicates overlap of the two
histograms.
1.2 Structure Determination Using NMR
In order to understand the lack of NMR structures above 25 kDa it is informative to
look at the different phases of the NMR structure determination protocol, includ-
ing: (i) sample preparation, (ii) resonance assignment, (iii) collection of restraints,
and (iv) structure calculation.
In the early days of NMR spectroscopy, only one-dimensional proton spectra could
be recorded to study biological macromolecules. While the introduction of higher
dimensional spectroscopy by Jeener (1971) was able to alleviate the extensive
signal overlap observed in 1D spectra of proteins, applications were still limited
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to 2D 1H homonuclear spectroscopy. In the 1980s Ernst, Wu¨thrich and co-workers
developed the methodology that enabled the determination of protein structures
for systems with less than 100 residues (Wu¨thrich, 1986). The possibility to
introduce 13C/15N nuclei in proteins using recombinant bacterial expression pre-
sented another breakthrough in the field of protein NMR spectroscopy (see, for
example, McIntosh & Dahlquist (1990). In short, bacterial growth is performed in
M9minimal medium that typically contains 3 g/L U-[1H,13C]-D-glucose and 1 g/L
15NH4Cl as the sole carbon and nitrogen sources, respectively. Over-expression of
the protein of interest will yield a sample with NMR active (1H/13C/15N) isotopes
and allows the use of triple-resonance NMR experiments (see below) (Bax, 1994;
Clore & Gronenborn, 1994; Sattler et al., 1999).
The assignment of backbone and side chain resonances to individual nuclei in the
protein is the first, crucial step for extracting any information at atomic resolution
from NMR data. For 13C/15N/1H-labeled proteins this resonance assignment is
based on 3D/4D triple-resonance experiments, which significantly reduce the sig-
nal overlap in larger proteins. These experiments are of the so-called “correlated”
type, in which the chemical shift of a nucleus is correlated with the chemical shifts
of other nuclei based on the scalar coupling interaction between them. Triple-
resonance backbone experiments are used to correlate nuclei of a specific residue
i with nuclei of the neighboring amino acid i-1. A typical suite of experiments
to obtain the backbone resonance assignment for proteins is shown in Figure 1.3
(panel A). Most of these experiment are HN-detected “out-and-back” experiments:
the magnetization starts on the amide proton, is transferred to nitrogen/carbon for
chemical shift evolution and the signal is ultimately detected on the amide proton.
The assignment of side chain 1H/13C resonances is commonly performed using
TOCSY-based experiments (Figure 1.3, panel B) combined with the knowledge of
previously assigned 13C a/13C b frequencies. For an in-depth explanation of the
different experimental schemes and the assignment procedure, we refer to the
excellent book of Cavanagh et al. (2007) as well as many reviews (see, for example,
Sattler et al. (1999)).
After the sequence-specific resonance assignments are completed, the next step
is the collection of restraints for the structure calculation process. Already the
backbone chemical shifts themselves contain structural information, due to their
dependence on backbone conformation. Backbone torsion angles (y and f) can
be estimated from chemical shift data using an empirical relationship (Shen et al.,
2009) and used as angular restraints. More recently, different approaches have
8 Chapter 1






























































Figure 1.3. Schematic overview of the heteronuclear NMR experiments commonly
used for the assignment of backbone and side chain resonances. Circles indicate
the correlations that are recorded in the given experiment; boxes represent
nuclei for which no chemical shift is recorded, but that are used for coherence
transfer.
demonstrated the possibility to calculate protein structures using chemical shifts
alone (Cavalli et al., 2007; Shen et al., 2008). This methodology is, however, limited
to proteins with a molecular weight.15 kDa and, since no information on the side
chains is included, the quality of the final structure is lower than what is achievable
by experimental methods.
The through-space, interproton distance information encoded in the nuclear Over-
hauser effect (NOE) is by far the most important restraint for the structure calcula-
tion procedure. Typically, NOESY spectra of proteins contain thousands of cross-
peaks for atoms that are within 5 A˚ of each other and their intensity scales by
the inverse sixth power of the distance. A large number of NOE restraints (15–
20 per residue) is typically needed to obtain a high-quality structure and these are
generally collected from 3D/4D 15N- and 13C-edited NOESY spectra.
Other types of restraints that can be used to complement the common local and
long-range information contained in chemical shifts and NOE-based restraints are
scalar coupling constants, paramagnetic relaxation enhancement (PRE), pseudocontact
shifts (PCS), chemical shift anisotropy (CSA), and residual dipolar couplings (RDCs).
Dipolar couplings (Tjandra & Bax, 1997), chemical shift anisotropies (Cornilescu
& Bax, 2000) and pseudocontact shifts cannot be measured in isotropic solution,
since these interactions average to zero if the molecule can tumble freely. In order
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to measure a residual interaction it is, therefore, required to use a dilute liquid
crystalline medium or otherwise affect a slight net alignment of the protein.
Three-bond scalar coupling constants (3J), for example, depend on the dihedral an-
gle of the covalent bonds according to a Karplus equation and can provide torsion-
angle restraints for backbone and side chain nuclei (Bax et al., 1994). RDCs are not
only sensitive reporters of the internuclear vectors, but also provide global informa-
tion (i.e., domain orientation) by restraining all bond vectors to a common principal
axis system. Besides structural information, RDCs can also contain information
on protein dynamics (Tolman & Ruan, 2006) and their use has been reviewed
extensively (see, for example, Bax & Grishaev (2005)). RCSAs provide information
on local electronic geometries and have also provided new insights into protein
dynamics. Finally, paramagnetic relaxation enhancement and pseudocontact shifts
can provide long-range (30 A˚ for PRE and 60 A˚ for PCS) information about the
interaction between electrons and protein nuclei (Otting, 2010). In paramagnetic
metalloproteins the unpaired electron necessary for measuring the PRE/PCS effect
is already present, while for other systems this requirement is generally fulfilled by
attaching a spin-label to the Cys residue in a single-cysteine mutant. The PRE effect
causes faster relaxation/line broadening which depends on the distance between
the electron–nucleus, and, similar to the NOE effect, scales by the inverse sixth
power of this distance. PCS causes a shift in the resonance line and depends also on
the electron–nucleus distance, as 1/r3, and on the direction of the electron–nucleus
vector.
NMR restraints alone are not sufficient to determine a 3D protein structure a priori,
and, therefore, restraints on covalent geometry (i.e., bond lengths, angles, planarity,
and chirality) are also included in the structure calculation protocol. A detailed
description of the computational methods to generate a high-resolution structure
using the NMR-derived restraints is outside of the scope of this introduction and
the interested reader is referred to one of the many reviews (see, for example,
Gu¨ntert (1998); Clore & Schwieters (2002)).
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1.3 NMR Spectroscopy of HighMolecularWeight Sys-
tems
The study of high molecular weight systems by NMR is complicated by three
factors: (i) the rapid transverse spin relaxation results in broad lines and concomi-
tant low signal intensity, (ii) the large number of resonances leads to extensive
signal overlap which makes the spectral analysis cumbersome, and (iii) the large
number of protons leads to spin-diffusion effects that decrease the ability to derive
accurate interproton distances. These factors dictate the so-called “NMR size-
limit”, indicating that many interesting biological systems are beyond the practical
amenable size for studying them by NMR spectroscopy. The potential of NMR to
study higher molecular weight systems has, however, been greatly enhanced over
the past decade by combining advances in hardware, sample preparation andNMR
methodology. Improvements in NMR hardware include the introduction of higher
magnetic field strengths and cryogenically cooled probeheads, which significantly
improved the sensitivity of the technique. Signal overlap can, to a large extent,
be alleviated by increasing the number of dimensions in the NMR experiment
and/or reducing the number of signals by choosing an appropriate isotope-labeling
scheme. Reducing the transverse spin relaxation rate remains, however, a more
challenging task, but also here progress has been made using the synergy between
isotope-labeling methods and NMR pulse sequences developments. A combined
approach where NMRmethodology is developed in concert with specific biochem-
ical labeling patterns is of great importance and examples are shown in this thesis.
1.3.1 Biochemical Labeling Methods and NMRMethodology
The high abundance of protons in biological macromolecules leads to rapid trans-
verse spin relaxation. Deuteration has the potential to decrease the spectral com-
plexity and, at the same time, improve the sensitivity and resolution of NMR
spectra. Early applications of deuteration by the groups of Jardetzky and Crespi
focused on simplifying 1D proton spectra by using D2Omedia supplemented with
either uniformly or selectively protonated amino acids (Crespi et al., 1968; Markley
et al., 1968; Crespi & Katz, 1969). Dilution of 1H spins also improved the relaxation
properties of the remaining proton nuclei in these perdeuterated protein samples
(Kalbitzer et al., 1985; LeMaster & Richards, 1988; Grzesiek et al., 1993) by removing
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the contributions from 1H  1H dipolar relaxation and scalar coupling to the line
width. 2D homonuclear spectroscopy and 3D/4D heteronuclear experiments also
benefit significantly from this isotope substitution, since the lower gyromagnetic
ratio of 2H compared to 1H (g 2H / g 1H  0.15) significantly attenuates the dipolar
interaction, which is the major source of relaxation for 13C nuclei. Unfortunately,
NMR spectra of deuterated proteins still suffered from extreme line broadening due
to the short lifetime of the deuteron. While this issue and its solution (i.e., the use
of 2H decoupling) were already described by Browne et al. (1973), it took almost
20 years before sufficient deuterium decoupling power was technically achievable
and the real power of deuteration could be demonstrated by Bax and co-workers
(Grzesiek et al., 1993). These promising results spurred the development of NMR
pulse schemes tailored to fully deuterated (“perdeuterated”) protein samples, and
several groups have reported triple-resonance experiments and the backbone as-
signment of larger systems (Yamazaki et al., 1994a,b; Shan et al., 1996; Farmer &
Venters, 1995, 1996).
Deuteration of aliphatic positions, however, does not really decrease the 15N trans-
verse relaxation rate and deuteration alone did not push the NMR size-limit above
50 kDa. It took a few more years for the next breakthrough, novel NMR method-
ology this time, that works optimal in perdeuterated proteins. The introduction
of transverse relaxation-optimized spectroscopy (TROSY) by Pervushin et al. (1997)
reduced the 15N relaxation to such an extent that NMR spectroscopy of very large
molecules became within reach. Because the 1H and 15N spins of backbone amide
atoms are scalar coupled one can, in principle, observe four multiplet components
in a [1H  15N]-HSQC spectrum. In conventional NMR experiments, however,
these four components are collapsed into one, centrally located, signal by the
use of decoupling techniques. For small proteins this procedure is advantageous
because it not only greatly simplifies the spectrum, but also increases the signal
intensity approximately four-fold. The situation is, however, quite different for
high molecular weight systems (see Figure 1.4).
As can be seen in Figure 1.4, there is a pronounced difference in the transverse
relaxation rate and, hence, line widths of the individual components of the 2D
15N  1H J-coupling multiplet for a large protein. Applying a conventional decou-
pling scheme here will result in a significant deterioration of the “average signal”
due to the contribution of the fast(er) relaxing components. The TROSY technique
does not use decoupling, but exploits the constructive interference between dipole-
dipole (DD) and chemical shift anisotropy (CSA) and only selects the narrowest,
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Figure 1.4. Inset of the [1H  15N]-
HSQC spectrum of the 34 kDa
protein FepB, recorded at 600
MHz without decoupling.
slowly relaxing component (Figure 1.4; TROSY-component, right below). TROSY
can retain only half of the original polarization due to this selection (Pervushin
et al., 1998a,b), but for larger proteins this is more than compensated for by the
slower relaxation. The optimal TROSY effect for 1HN and 15N nuclei in the amide
bond is around 1 GHz, because there is an almost complete cancellation of the DD
(field independent) and CSA (increases with field) contributions. The TROSY effect
on amide groups is of particular importance because of their involvement in almost
all “out-and-back”-type NMR experiments used for resonance assignments (see
Figure 1.3). The concept of using spectroscopic means to select a slowly relaxing
transition is, however, not restricted to this moiety and has been demonstrated also
for methyl groups (Tugarinov et al., 2003, 2004; Ollerenshaw et al., 2005), 1H  13C
moieties in aromatic rings (Pervushin et al., 1998a), and methylene groups (Miclet
et al., 2004).
In short, complete deuteration (“perdeuteration”, using [2H,13C]-D-glucose and
100% D2O in bacterial cultures) in combination with the TROSY methodology
substantially improves the relaxation properties of high molecular weight proteins,
resulting in a significant sensitivity gain and increased resolution. Quickly after
its inception, the TROSY principle found its way into commonly used 3D/4D
NMR experiments, most notably those used for obtaining the backbone resonance
assignments (Yang & Kay, 1999b). A big caveat of perdeuteration lies in the
fact that most NMR measurements for obtaining the backbone assignment are
“out-and-back” 1HN-detected experiments (see Figure 1.3). It is, therefore, of
great importance that a (nearly) complete back-exchange of these amide protons
is achieved after the bacterial expression in D2O. In favorable cases, this is indeed
the case and are deuterium nuclei at (most of the) labile positions exchanged to
protons during the protein purification in H2O. In some cases (e.g., malate synthase
G (Tugarinov et al., 2002)) an additional unfolding/refolding step is, however,
necessary to accomplish this goal.
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Importantly, using TROSY techniques and deuteration backbone resonance assign-
ments have been obtained for proteins with a molecular weight well above the
NMR size-limit of conventional NMR techniques. Notable examples include the
64 kDa dimeric construct of p53 (Mulder et al., 2000), the 110 kDa homo-octameric
aldolase (Salzmann et al., 2000), the 91 kDa 11-meric TRAP (McElroy et al., 2002),
single-chain 82 kDa malate synthase G (Tugarinov et al., 2002), and the solubilized
membrane proteins OmpX (Ferna´ndez et al., 2001a,b), OmpA (Arora et al., 2001),
PagP (Hwang et al., 2002).
On the other hand, NMR structure determination protocols rely heavily on the
incorporation of a large number of NOE-based 1H  1H distance restraints and
the reduction in the number of protons severely impedes the determination of a
high-resolution structure (Gardner et al., 1997). In other words, NMR spectroscopy
of large proteins raises two requirements that are intrinsically at odds with one
another. Ideally, one would prefer protein samples with protonation at some
desired positions while at the same time retaining high levels of deuteration at all
other sites. In such a situation, NMR spectra would demonstrate good sensitivity
and resolution due to the high level of deuteration, while the spectroscopically
interesting atoms would be present in protonated form. In particular, protonated
methyl groups are of interest since they often occur in the hydrophobic core of
a protein and at the interface of complexes (Janin et al., 1988). Hence, methyl
groups are considered important reporters of protein structure (Gardner et al., 1997;
Tugarinov & Kay, 2005) and dynamics (Mulder et al., 2001a; Tugarinov & Kay,
2005; Mittermaier & Kay, 2006; Brath et al., 2006; Sprangers & Kay, 2007), and are
also suitable to use in ligand-binding or protein-protein interaction studies (Kay
et al., 1996; Hajduk et al., 2000; Frederick et al., 2006). Furthermore, methyl groups
are particularly beneficial for NMR spectroscopic studies of high molecular weight
systems, as methyl 1H/13C NMR lines are narrow due to rapid 3-fold jumps about
the methyl symmetry axis (Kay et al., 1992a) and the TROSY principle (Pervushin
et al., 1997) can be employed (Tugarinov et al., 2003, 2004; Ollerenshaw et al.,
2005). Several strategies to re-introduce protons at some positions in an otherwise




Different approaches have been described for the (partial) deuteration of proteins
(see, for example, LeMaster (1994), and references therein), and only (random)
fractional deuteration will be highlighted below.
Random fractional deuteration was explored by the groups of Laue (Nietlispach
et al., 1996; Smith et al., 1996), LeMaster (LeMaster & Richards, 1988) and Fesik
(Zhou et al., 1995; Muchmore et al., 1996; Sattler et al., 1997) as a biosynthetic
method to retain some carbon-bound protons in an otherwise highly deuterated
environment. In this approach, the overall fractional deuteration level in the
protein is similar to the D2O/H2O ratio in the bacterial growth medium. It was
shown that, depending on protein size, a deuteration level between 50% and
75% presents a good compromise between spectral quality and the number of
measurable distance restraints. However, a disadvantage of random fractional
deuteration is that it leads to spectral deterioration due to deuterium isotope effects
(Hansen, 1988) and concomitant chemical shift heterogeneity.
A more defined fractional labeling is possible by performing the bacterial growth
in fully deuterated medium with a protonated carbon source (i.e., acetate (Venters
et al., 1991), pyruvate (Rosen et al., 1996; Lee et al., 1997), or glucose (Rosen et al.,
1996; Shekhtman et al., 2002; Otten et al., 2010)). Protein samples prepared in such
a way are highly deuterated at the 13C a position and contain different isotopomer
compositions and protonation levels for methylene and methyl groups.
Precursors and Specifically Labeled Amino Acids
Efficient incorporation of specifically labeled precursors or amino acids in proteins
using a biosynthetic approach is often hampered by extensive scrambling of the
isotope labels throughmetabolic pathways in the expression host (Arata et al., 1994;
McIntosh & Dahlquist, 1990). Often, an auxotrophic bacterial strain or effective
suppression of endogenous amino acid biosynthesis is, therefore, required (Torchia
et al., 1988; Waugh, 1996). In favorable cases, however, the simple addition of
labeled amino acids or precursors works, especially if it is possible to interfere far
downstream in the biosynthetic pathway (e.g., methyl-containing amino acids or
aromatic residues). Early examples include the incorporation of fully protonated
ILV (methyl-containing) and FY (aromatic) residues (Metzler et al., 1996; Smith
et al., 1996), and selectively aromatic ring-protonated FYW (Rajesh et al., 2003) into
a deuterated background.
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The approach pioneered by Kay and co-workers, however, in which suitably la-
beled intermediates in the methyl-containing amino acid synthesis are added to the
growth medium to obtain protonated methyl groups has received most attention.
Selective methyl protonation strategies in an otherwise deuterated background
have been described for Ile(d1) (Gardner & Kay, 1997; Goto et al., 1999), [Val,
Leu] (Goto et al., 1999), and Ile(g2) (Ruschak et al., 2010b) using U-[2H,13C]-D-
glucose/D2O and a-ketobutyrate, a-ketoisovalerate, or a-aceto-a-hydroxybutyrate,
as precursors, respectively. Awide variety of specifically labeled a-ketoacid precur-
sors are commercially available nowadays and their use for specific applications
has been reviewed by Tugarinov et al. (2006); Sprangers et al. (2007); Ruschak &
Kay (2010).
More recently, Gans et al. (2010) introduced a synthetic protocol for the produc-
tion of specifically methyl-labeled acetolactate (2-hydroxy-2-[13C]methyl-3-oxo-4-
[2H3]butanoic acid) that enables the stereospecific protonation of pro-S Leu and
Val methyl positions. The reported precursor as well as the compound for the
production of the corresponding pro-R groups are now commercially available.
Finally, approaches to obtain specifically protonated Met (Gelis et al., 2007) and
Ala (Isaacson et al., 2007; Ayala et al., 2009) methyl groups have been described, by
supplementing the growth mediumwith 13CH3-methionine and L-alanine-3-
13C,2-
2H, respectively.
The introduction of protonated methyl groups in a deuterated background allows
for the recording of more, and important long-range NOEs between 1HN  1Hmet
and 1Hmet  1Hmet thereby improving the accuracy of NMR structures significantly
(Gardner et al., 1997). Ultimately, this resulted in the structure of the 82 kDa malate
synthase G (MSG) derived de novo from NMR data alone (Tugarinov et al., 2005).
However, significantly bigger protein systems can be studied using this labeling
approach, especially if the measurement of protein dynamics, instead of a protein
structure, is the goal. The current highlight in this area is undoubtedly the studies
of the complete 20S proteasome (670 kDa) or the a7 subunit (180 kDa) by Kay and
co-workers (Sprangers & Kay, 2007; Religa et al., 2010; Ruschak et al., 2010a).
Despite the success of the above-mentioned methyl labeling strategies, a major
drawback is that, even though a combination of precursors can be used, only a
subset of the methyl groups in the target protein is isotopically enriched in a single
NMR sample. Moreover, the use of specifically labeled precursors in combination




Cell-free protein expression refers to the in vitro protein synthesis using whole
cell extract, often derived from E. coli., that contains all the required cellular
components for protein expression. It can be regarded as the ultimate method to
achieve highly selective labeling without, or low levels of, unwanted metabolic
conversions that generally occur in in vivo expression systems. One of the first
applications of cell-free protein expression and selective labeling for NMR studies
was demonstrated by Kigawa et al. (1995). Since then its use for NMR sample
preparation has increased, aided by the commercial availability of equipment and
reagents (Torizawa et al., 2004; Vinarov et al., 2004).
Kainosho et al. (2006) brought this methodology to a new level of sophistication
with the introduction of a cell-free protein expression system termed “stereo-array
isotope labeling (SAIL)”. The approach utilizes cell-free protein expression that
incorporates chemically or enzymatically synthesized amino acids (Oba et al., 1998,
1999, 2001), and the resulting proteins have a defined stereospecific and regiospe-
cific labeling pattern that is optimal for NMR studies, in terms of information
content and quality of the spectra.
Figure 1.5. Design principles for
the incorporation of NMR active



















The design principles for the incorporation of NMR active isotopes in the SAIL
amino acids are shown in Figure 1.5: (i) only one 1H is retained in methylene
and methyl groups, (ii) only one of the methyl groups of Leu/Val is labeled as
13CHD2, the other becomes NMR invisible (
12CD3), and (iii) alternating labeling
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with 13CH and 12CD in six-membered aromatic rings. The resulting proteins exhibit
ideal NMR properties due to the high deuteration level, while retaining proton
nuclei at interesting positions. More specifically, the labeling pattern (i) allows for
the backbone and side chain assignments using standard NMR experiments, (ii)
eliminates the need for stereospecific assignments, (iii) simplifies the interpretation
of relaxation measurements in methyl and methylene groups, and (iv) eliminates
difficulties associated with strong 13C scalar coupling in aromatic rings.
The recent review article by Kainosho & Gu¨ntert (2009) is a good starting point for
readers interested in the details of SAIL and furthermore demonstrates the applica-
tion of the methodology for the structure determination of several proteins. While
this methodology delivers protein molecules that are ideal for NMR spectroscopy,
the technique is not in general use, likely due to the high costs or lack of availability
of the required isotopically labeled amino acids.
1.4 NMRSpectroscopy of IntrinsicallyDisordered Pro-
teins
So far I have focused on the NMR properties of large, folded proteins, which
are challenging to study by NMR due to their slow rotational dynamics and
concomitant unfavorable relaxation properties. In this section I will describe the
NMR properties of a very different class of proteins, IDPs, which exhibit excellent
sensitivity due to their extensive flexibility.
IDPs have received a lot of attention in recent years, due to the discovery of
their diverse roles in important cellular processes (e.g., transcription, signal trans-
duction, and cell cycle regulation) and involvement in human neurodegenerative
diseases like Parkinson and Alzheimer (Uversky et al., 2008). Computational
predictions suggest that approximately one-third of eukaryotic genomes encode
fully disordered proteins or systems containing large stretches (>50 amino acids)
that lack a stable three-dimensional fold, but are still functional (Dunker et al., 2002;
Uversky, 2002). In addition, more and more experimental evidence is available
that confirms the abundance of IDPs, and the “Database of Protein Disorder”
(DISPROT, www.disprot.org) contains currently 627 disordered proteins and 1342
biological systems with disordered regions (Sickmeier et al., 2007). Moreover, it
has been established that these disordered states are not mere featureless “random
18 Chapter 1
coils”, but are characterized by secondary structure propensities of the polypeptide
backbone (Dill & Shortle, 1991; Shortle, 1996; Wirmer et al., 2005; Mittag & Forman-
Kay, 2007).
NMR spectroscopy is undoubtedly the most appropriate technique for investigat-
ing IDPs at atomic resolution, and there are many excellent reviews available that
highlight its use to study disordered states (see, for example, Wirmer et al. (2005);
Mulder et al. (2009)). Here, we focus our attention on the background information
required to put Chapter 5 into perspective. As explained earlier in section 1.2, the
assignment of all peaks in the NMR spectra to a specific atom in the molecule is
required before any information can be obtained from NMR spectra.
Figure 1.6. 2D 1H  15N HSQC (panel A) and 1H  13C 0 H(N)CO (panel B)
correlation spectra for the 139 amino acid construct of the intrinsically
disordered protein domain hNlg3cyt.
A typical [1H  15C]-HSQC spectrum of an IDP is shown in Figure 1.6 (panel A),
where the limited chemical shift dispersion (1 ppm) in the 1H dimension is
immediately apparent. This observation is caused by the fact that in the absence of
a persistent secondary structure the environment for most of these amide moieties
is highly similar, thereby resulting in an almost identical chemical shift. Similarly,
narrow chemical shift dispersion and congested NMR spectra are obtained for
the 13C/1H nuclei in the amino acid side chains. As can be seen in Figure 1.6,
there is significantly more dispersion present in the 15N and 13C
0
dimension,
because the chemical shifts of these nuclei are strongly influenced by local sequence
composition (Tamiola et al., 2010). The small chemical shift dispersion in IDPs
and concomitant signal overlap often hampers the resonance assignment using
traditional approaches. On the other hand, IDPs exhibit excellent sensitivity in
NMR experiments due to their dynamic nature and, thereby, pave the way for
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higher-dimensional spectroscopy. Indeed, advances in NMR methodology, for ex-
ample 5D/6D spectroscopy combined with reduced dimensionality techniques to
obtain high-resolution spectra within a reasonable acquisition time, have allowed
for the (nearly) complete resonance assignment of several isoforms of Tau protein
(Narayanan et al., 2010).
The structural characterization of IDPs is challenging due to their inherent flexibil-
ity: the measured NMR observables are averages arising from a highly heteroge-
neous conformational ensemble. As an example, we consider here the three-bond
coupling constants for which its dependence on the intervening bond angle is well-
understood through the Karplus-equation. Such coupling constants are routinely
measured for folded proteins and used as torsion-angle restraints in the structure
calculation process. In the case of IDPs, scalar coupling constants are excellent
probes to detect any residual structural propensity as, for example, the 3 JHNHa
coupling constant is very sensitive to the local order of the peptide bond. It is
in the case of IDPs, however, very difficult to distinguish between two possible
explanations for the observed coupling constant: do they arise from a persistent
backbone structure, or do the values represent an average between many possible
structures. It is, therefore, important to measure a wide variety of NMR parameters
(e.g., chemical shifts, RDCs, relaxation rates, and scalar coupling constants) in
order to determine realistic structural ensembles of IDPs. Moreover, there are
several other biophysical techniques (e.g., SAXS, EPR spectroscopy, fluorescence
spectroscopy) that can provide complementary information. For example, small-
angle X-ray scattering (SAXS) can be used for the determination of a Boltzmann-
weighted distribution of gyration radii.
Finally, the measurement of many of the NMR observables (e.g., the 3 JHNHa cou-
pling constant) find their origin in the field of folded proteins and are often
determined from HN-detected experiments, which seriously limits the application
to unfolded proteins (cf. Figure 1.6). In general it is, therefore, not optimal to
use the same NMR experiments for folded and unfolded proteins. Instead, the
development of novel pulse sequences is preferred in order to decrease signal
overlap and maximize the number of probes to extract the desired information.
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1.5 Protein Dynamics Studied Using NMR Spectros-
copy
Proteins undergo continuous conformational fluctuations on a wide range of time
scales. NMR spectroscopy is uniquely suited to study these dynamical processes,
being capable of providing such information for many different nuclei with atomic
resolution (see, for example, reviews by Palmer & Massi (2006); Mittermaier & Kay
(2006, 2009)). An overview of protein dynamics and the NMR methodology that
can be used to study these processes on the different time scales is given in Figure
1.7.
Figure 1.7. Overview of protein dy-
namics on different time scales
and the NMR techniques to
study them.
We will focus here on the fast (ps–ns) bond vector motions (used in Chapters 2 and
3) and the methodology to study slow (microsecond to millisecond) motions that
can be rate limiting for biological function (applied in Chapters 3 and 4).
The fast timescale bond librations (up to the rotational correlation time, tc, of
the protein) can be studied using laboratory frame NMR measurements (Palmer,
2004). The parameters typically measured are R1, the longitudinal relaxation rate
(back to thermal equilibrium); R2, the transverse relaxation rate (loss of phase
coherence); and the steady-state f1Hg-15N nuclear Overhauser effect. The analysis
of relaxation parameters can be complicated due to potential interference effects
of the many coupled spins present in proteins. Therefore, the study of protein
dynamics generally focuses on AX spin systems for which the relaxation pathways
are well known. In the protein backbone the 15N nucleus (Farrow et al., 1994)
is often used as probe of dynamics, because the main sources of its relaxation
mechanism (i.e., the CSA en DD interaction with its directly attached proton)
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are understood and, therefore, allow for a relatively simple interpretation of the
measured parameters. In the protein side chain, methyl groups are often targeted
either by measuring 13C relaxation on 13CH3 groups (Nicholson et al., 1992) or
2H
relaxation in 13CH2D moieties (Muhandiram et al., 1995). The NOE ratio reflects
the local mobility of the N-H vector and has typically values around 0.8–0.9 for
stable secondary structure elements, while values <0.5 are generally regarded as
highly flexible. A quantitative description of the picosecond–nanosecond time scale
dynamics can be obtained by (reduced) spectral density mapping (Farrow et al.,
1995; Ishima & Nagayama, 1995; Lefevre et al., 1996) or the model-free approach
(Lipari & Szabo, 1982a,b; Clore et al., 1990).
Slower motions can also be studied using NMR relaxation methods and, in par-
ticular, those motions occurring on the microsecond–millisecond time scale have
received considerable attention during the past years (Palmer et al., 2001, 2005). As
can be seen in Figure 1.7, motions on this time scale are implicated to be important
for many interesting biological processes (e.g., enzyme catalysis, ligand binding,
protein folding, and allosteric regulation). Such motions significantly alter the
chemical and magnetic environment of the nuclear spins and, thereby introduce
a time dependence into the NMR frequencies. Slow (ms–ms) stochastic processes,
thereby, add an additional contribution Rex to the intrinsic nuclear spin trans-
verse relaxation. Relaxation dispersion NMR spectroscopy can be used to study
the exchange contribution to the transverse relaxation rate using either rotating-
frame spin relaxation (T1r) or Carr–Purcell–Meiboom–Gill (CPMG) measurements
(Palmer et al., 2001, 2005; Palmer & Massi, 2006). Conformational exchange is an
exchange process caused by internal motions in a molecule, which can in principle
occur between multiple sites. Here, we consider the simplest case where a two-site





where kAB and kBA are the forward and reverse rate constants, respectively.
Relaxation dispersion experiments can yield information on (i) the exchange rate,
kex = 1/tex = kAB + kBA, (ii) the populations of the exchanging states, pA and pB,
and (iii) the absolute difference between the chemical shifts of state A and B, jDwj
(Palmer et al., 2001, 2005). Importantly, this information can still be obtained in
case of asymmetric exchange where the populations are highly skewed as is often
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the case in biological systems. As long as the population of the minor state, pB, is
above1% relaxation dispersion experiments can be used to gather information on
this, for conventional NMR spectroscopy, invisible state. Initially, the method was
used to obtain information on the kinetics (exchange rate, kex) and thermodynamics
(populations, pA and pB) of the exchange process. Through recent advances in
computational methods to determine protein structures from chemical shift data,
the potential of obtaining chemical shift information on the transiently populated
conformation has received considerable interest (see, for example, Korzhnev et al.
(2010)).
1.6 Aim and Outline of This Thesis
The work in this thesis focuses on the development of NMR methods to study
protein structure and dynamics using an approach where NMR pulse sequences
are designed in concert with specific biochemical labeling patterns. The synergy
between developments in biochemistry and NMR methodology are shown to be
crucial for the advancement of NMR spectroscopy in the field of structural biology.
Furthermore, we demonstrate the particular strengths of NMR spectroscopy by
(i) studying protein structure, dynamics and interactions of a system that is not
amenable to X-ray crystallography, (ii) characterizing an exchange process on the
microsecond time scale, and (iii) probing the secondary structure propensity of an
intrinsically disordered protein.
In Chapter 2, we investigate the structure, dynamics and ligand-binding of the 34
kDa periplasmic binding protein FepB, which is involved in the iron uptake in E.
coli. Despite extensive efforts, no suitable crystallization conditions were found for
both the ligand-free and ligand-bound state, thereby preventing structural studies
using X-ray crystallography. NMR spectroscopy has resulted in a nearly com-
plete backbone assignment in both states and the identification of the secondary
structure elements. Measurement of fast (ps–ns) time scale dynamics indicates the
presence of significant dynamics in the N-terminus and loop region (25 residues),
which could explain the difficulties in crystallizing this system.
Chapter 3 describes a cost-effective biochemical labeling method using U-[1H,13C]-
D-glucose and 100% D2O that ensures the isotopic enrichment of all possible
methyl groups. A novel NMR pulse sequence tailored to this labeling pattern was
developed that allows for a nearly complete methyl group assignment in proteins
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up to 300 residues. Moreover, the same protein sample can be used to study fast
(ps–ns) and slow (ms–ms) time scale dynamics of methyl groups using conventional
NMR methods.
A 1HCPMG relaxation dispersion experiment on the 13CHD2 isotopomer of methyl
groups to study ms dynamics is described in Chapter 4. We show that faithful
dispersion profiles can be recorded for all methyl-containing amino acids provided
that an appropriate NMR pulse scheme is used, or the reason for potential artifacts
is removed by introducing a specific biochemical labeling pattern. The utility of
the approach is illustrated with an application to NtrCr that displays functional
dynamics, and undergoes local structural rearrangements with a rate constant of
(15.5  0.5)  103 per second.
Chapter 5 addresses the application of NMR spectroscopy to study intrinsically
disordered proteins (IDPs), and describes a new pulse sequence to measure the
3 JHNHa scalar coupling constant. Scalar coupling constants are good probes to
detect any residual structural propensity in IDPs, and the 3 JHNHa coupling con-
stant is very sensitive to the local order of the peptide bond. Typically, these
coupling constants are recorded on 15N/1H-labeled proteins from HN-detected
experiments. While this approach works perfectly fine for folded proteins, the
number of probes is significantly reduced in the case of IDPs due to spectral
overlap. We propose, therefore, to use 13C/15N/1H-labeled material and record
HC
0
-detected experiments tomeasure these scalar couplings using a novel 2D spin–
echo difference experiment. Indeed, in an application to hNlg3cyt significantly
more 3 JHNHa coupling constant could be determined compared to conventional
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2.1 Abstract
An NMR study of both the apo- and holo-state of FepB, a periplasmic binding
protein (PBP) involved in iron uptake in E. coli, is described. For both forms of
this 34 kDa protein, a nearly complete backbone and methyl group assignment
was obtained. The analysis of the assigned chemical shifts indicates that FepB
has a mixed alpha-helical/beta-strand topology with a central alpha-helix, similar
to the PBPs in cluster A. Binding of the negatively charged gallium enterobactin
ligand causes extensive chemical shift perturbations for all nuclei, but the overall
topology of the protein remains similar. Most significant changes are observed in
the C-terminal part of the protein, where there is a transition from coil to beta-
strand for residues 227–242 and from alpha-helical to more extended for residues
294–302. 15N backbone relaxation data indicate that FepB is a rather well ordered
protein both in the absence and presence of the ligand, with the exception of the
first 25 N-terminal residues which are highly flexible. However, in the ligand-free
state of FepB there is significantly more mobility observed for the region between
residues 225–250, consistent with the absence of a stable secondary structure ele-
ment. Ligand binding largely suppresses this dynamics and is consistent with a
transition from coil to beta-strand for this part of the protein. With the currently
available NMR data we can neither discriminate between the suggested binding
modes for PBPs (i.e., “Venus flytrap”, hardly any conformational changes, or
mainly involvement of loops) nor shed light on the reason for the ligand specificity.
High-resolution structures of the ligand-free (apo) and ligand-bound (holo) states
of FepB are required to answer these questions and research toward this goal is
currently pursued in our laboratories.
2.2 Introduction
Iron is an essential nutrient for almost every microorganism due to its diverse role
in the biochemistry of the cell (e.g., as redox center in electron carriers or co-factor
for enzymes, and as regulator in cellular biosynthesis and metabolism). Despite
the fact that iron is the most abundant transition metal on earth, bacteria face
difficulties to keep their internal concentration above the required 10 6 M. The
relevant species of iron available for cellular uptake are ferrous iron (Fe 2+) and
ferric iron (Fe 3+). Ferrous iron is highly soluble in aqueous solutions at neutral
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pH and can be imported by pervasive divalent metal transporters. However, in
most environments, except for anaerobic or low pH conditions, it is impossible to
maintain this reductive state and ferrous iron is quickly oxidized to ferric iron. The
bio-availability of iron is, therefore, governed by the (in)solubility of Fe 3+ around
pH 7 and is limited to 10 18 M (Raymond & Carrano, 1979). The situation is
evenmore challenging inmammalian hosts, where the strict iron homeostasis leads
to a free iron concentration in the serum of 10 24 M (Aisen et al., 1978; Martin
et al., 1987; Kretchmar et al., 1988). Moreover, even at these low concentrations
free ferric and ferrous iron are highly toxic to the cell, in the case of Fe 2+ due to
the formation of radicals in Fenton or Haber–Weiss reactions (Braun, 1997; Touati,
2000). The limited availability and toxicity together with the biological imperatives
ensured that microorganisms, including pathogens, have evolved a variety of high-
affinity iron acquisition and transport systems (Clarke et al., 2001; Faraldo-Go´mez
& Sansom, 2003; Krewulak & Vogel, 2008; Chu et al., 2010).
Bacteria and fungi, for example, produce and secrete small organic compounds in
response to iron-stress that are capable of liberating the iron from its organic or
inorganic complexes. These so-called siderophores (from the Greek: “iron carri-
ers”) have been divided in three major groups, depending on the chemical nature
of the ligands: catecholates (e.g., enterobactin), hydroxamates (e.g., ferrichrome),
and a-hydroxy-carboxylates (e.g., staphyloferrin A) (Miethke & Marahiel, 2007).
Various siderophores contain more types of functional groups coordinating to the
metal ion and are, therefore, classified as “mixed-type” siderophores. In general,
siderophores form a hexadentate complex with the iron that cannot enter the
bacterial cell through passive diffusion, due to its low concentration and large
dimensions (Mw 750 Da). Therefore, active transport is necessary to shuttle the
ferric-siderophore complex from the extracellular fluid across themembrane(s) into
the cytosol. In Gram-positive bacteria, the uptake of the iron complex is medi-
ated by a membrane-anchored binding protein and a membrane-associated ATP-
binding cassette (ABC) transporter. In Gram-negative bacteria (e.g., Escherichia coli)
the situation is more complex because these organisms have an additional double-
layered lipid membrane. The outer membrane (OM) affords further protection to
the environment, but at the same time poses another barrier for the uptake of the
iron-siderophore complex (Postle, 1990). Ions and other small molecules can diffuse
passively across the OM by taking advantage of pore-forming proteins known as
porins (Koebnik et al., 2000), but siderophores are unable to use this route and do
rely on active transport. All uptake pathways in Gram-negative bacteria require,
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therefore, an outer membrane transporter besides a periplasmic binding protein
(PBP, cf. the membrane-anchored binding protein in Gram-positive bacteria) and
the inner membrane (IM) ABC transporter. The energy for the active transport
across the OM is supplied through coupling of the proton motive force (PMF) of
the cytoplasmic membrane to the outer membrane via the TonB complex (Moeck &
Coulton, 1998).
Figure 2.1. Schematic overview of the ferric enterobactin transport system of E. coli
(panel A) and the structure of the negatively (3–) charged ferric enterobactin
complex (panel B). Panel A is reprinted with kind permission from Springer
Science + Business Media: Biometals (Chu et al., 2010), copyright (2010).
Iron uptake systems are present in E. coli for the uptake of both Fe 2+ and Fe 3+.
Fe 2+ transport is mediated by porins across the OM and the Feo system (Kammler
et al., 1993) across the IM, while Fe 3+ uptake exploits the following three TonB
complex dependent systems: Fhu (ferric-hydroxamate), Fep (ferric-catecholate),
and Fec (ferric di-citrate). The ferric enterobactin (FeEnt) transport system is
shown schematically in Figure 2.1 (scheme A), where the unknown structures
of FepB and FepCD are represented by holo-BtuF (1N4A) and BtuCD (1L7V),
respectively. Enterobactin is a small (669 Da) organic molecule of the catecholate-
type siderophore (Figure 2.1, scheme B) synthesized by E. coli and S. typhimurium,
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but utilized by all Gram-negative enteric bacteria (Raymond et al., 2003) and its
biosynthesis is strictly controlled by the Fur (Ferric uptake regulation) protein
(Hantke, 2001). Of note, while E. coli only synthesizes and secretes enterobactin, it is
able to scavenge different siderophores produced by other organisms. High-affinity
binding of iron by enterobactin takes place through a right-handed (D) coordination
propeller of the catechol rings around the metal ion (Raymond et al., 2003) with a
formal stability constant, K f , of 1049 (Loomis & Raymond, 1991) and yields a FeEnt
complex with a net charge of –3 (Lee et al., 1985). The outer membrane receptor,
FepA, mediates the initial, rate-limiting, uptake of ferric enterobactin (Kd 0.1 nM
(Newton et al., 1999)) and its structure has been solved by X-ray crystallography
(Buchanan et al., 1999). Consistent with other OM proteins, the topology consists
of a 22-stranded anti-parallel b-barrel spanning the membrane connected with a
few large, extracellular loops. Additionally, the N-terminal part of the membrane
protein (160 residues) folds independently into a globular domain (termed the
“cork”) that occludes the interior of the b-barrel. Both the cluster of extracellular
loops and the “cork” domain are implicated to contribute to the ligand binding
pocket and binding specificity and affinity. The uptake of ferric enterobactin by
FepA is accompanied by a conformational rearrangement of theN-terminal domain
and the energy for this process is supplied by the TonB complex (TonB-ExbBD)
(Moeck & Coulton, 1998). Once transported across the OM, FeEnt is transferred
by the periplasmic binding protein FepB (Kd 30 nM (Sprencel et al., 2000)) to
the ATP-binding-cassette (ABC) transporter, FepCDG, in the inner membrane. The
proteins FepD and FepG together form the cytoplasmic pore, while FepC functions
as the cytoplasmic ATPase, providing the energy needed for the uptake of FeEnt.
As a final step, the intracellular release of iron is most likely achieved either by
reduction of Fe 3+ to Fe 2+ or the hydrolytic cleavage of the backbone of ferric
enterobactin by FeEnt esterase, encoded by the fes gene (Brickman & McIntosh,
1992).
FepB belongs to a large family of structural related PBPs, which are essential in
solute uptake (Boos & Lucht, 1996). PBPs recognize a broad spectrum of substrates
including sugars, amino acids, peptides, various ions, and vitamins (Higgins, 1992;
Berntsson et al., 2010). Due to this wide variety of ligands, PBPs are mostly
unrelated at the level of primary sequence (diverse sequences and length), but,
nevertheless, show remarkably conserved structural features. All PBPs consist
of two independent, folded globular domains (mixed a/b, Rossmann-like fold)
connected by a hinge-region. PBPs have been clustered based on similarities in
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Figure 2.2. Schematic overview of
the different states in the “Venus
flytrap” binding mechanism




liganded”) are in kinetic
equilibrium. In the absence of a
ligand the equilibrium is highly
skewed toward conformation
A, and upon ligand binding
the equilibrium shifts toward
conformation D. Reprinted with
permission from Berntsson et al.
(2010).
primary sequence (9 clusters) (Tam & Saier, 1993; Claverys, 2001; Krewulak et al.,
2004), the topological arrangement of secondary structure elements in the globular
domains (Fukami-Kobayashi et al., 1999; Berntsson et al., 2010), and the number
of interdomain connections (3 groups) (Quiocho & Ledvina, 1996; Lee et al., 1999).
We will follow here the recently published, structural classification by Berntsson
and co-workers, which divides the PBPs in six different clusters (Berntsson et al.,
2010). Cluster A (group III) consists of PBPs that have one, a-helical, interdomain
connection, while clusters B (group I) and C–F (group II) are connected by three
and two b-strands, respectively.
Ligand binding takes place in a cleft between the two domains, which is accessible
in the “open-unliganded” conformation (Figure 2.2, conformation A). Domain
closure occurs upon substrate binding in a so-called “Venus flytrap” or “Pac-
man” motion, and the ligand is trapped at the interface between the two domains
(“closed-liganded conformation”; Figure 2.2, conformation D) (Mao et al., 1982).
Mounting evidence shows that the open and closed forms are in kinetic equilibrium
(Walmsley et al., 1992; Oh et al., 1993; Flocco & Mowbray, 1994; Wolf et al., 1994;
Ledvina et al., 1998; Bjo¨rkman & Mowbray, 1998; Tang et al., 2007), and also
suggests that “closed-unliganded” and “open-liganded” states are populated (see
Figure 2.2, conformations B and C). In the absence of ligand (apo-state), the protein
is assumed to be flexible and mainly in the “open-unliganded” conformation,
while ligand binding (holo-state) that involves residues on both domains shifts
the equilibrium toward the “closed-liganded” state. However, the conformational
change upon ligand binding (i.e., the amount of closing of the two domains) varies
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dramatically between PBPs from the different structural clusters. Large rigid body
domain reorientation is observed for PBPs in clusters B–F (e.g., 35 for maltose
binding protein (Sharff et al., 1992; Quiocho et al., 1997)), but the conformational
changes vary significantly for PBPs in cluster A. Some systems (e.g., FitE (Shi et al.,
2009), FeuA (Peuckert et al., 2009), and HmuT (Mattle et al., 2010)) undergo large,
hinged motions similar to what is observed for PBPs in clusters B–F. On the other
hand, FhuD (Clarke et al., 2000, 2002; Krewulak et al., 2005; Krewulak, 2005), FhuD1
and FhuD2 (Sebulsky et al., 2003, 2004) show only modest interdomain motion and
for other systems (e.g., BtuF (Borths et al., 2002; Karpowich et al., 2003), ShuT and
PhuT (Ho et al., 2007), ZnuA (Yatsunyk et al., 2008), and TroA (Lee et al., 1999,
2002)) the apo- and holo-forms are almost identical.
As discussed above, the exact binding mode of PBPs with a central a-helix as
hinge region (cluster A) remains elusive as high-resolution structures suggest
different possibilities. It is, however, important to realize that all this information
is deduced from the comparison of crystal structures. It is, therefore, plausible that
crystal packing significantly affects the observed degree of opening and is thus not
representative for the situation in solution. The disagreement between the degree
of opening in the X-ray and NMR structures of b-cyclodextrin bound to maltose
binding protein (MBP), 2.8 versus 12.8 degrees, is a clear indication of this potential
issue (Evena¨s et al., 2001). Furthermore, it should be noted that molecular dynamics
(MD) simulations on BtuF (Kandt et al., 2006; Liu et al., 2008b), ShuT and PhuT
(Liu et al., 2008a) indicate that the structural changes upon ligand binding might
be more pronounced than anticipated from the crystal structures.
We, therefore, decided to study the periplasmic binding protein FepB, which is pre-
dicted to fall in cluster A, in both the apo- and holo-state using Nuclear Magnetic
Resonance (NMR) spectroscopy and investigate the effect of ligand binding on its
secondary structure and dynamics. Besides trying to shed some light on the bind-
ing mode of this group of PBPs, FepB is also an interesting system due to the fact
that the binding affinity for its ligand (Kd in the nM range) is an order of magnitude
higher than for most other PBPs. Moreover, FepB selectively binds enterobactin
while similar catecholate-type siderophores as vibriobactin (Wyckoff et al., 1999)
and agrobactin (Sprencel et al., 2000) are not recognized. To answer questions on
ligand binding and specificity as raised above, high-resolution structures of the
“open-unliganded” (apo) and “closed-liganded” (holo) states are needed together
with knowledge about protein dynamics.
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Our NMR studies on FepB yielded nearly complete backbone and methyl group
assignments for both the apo- and holo-state. From the assigned chemical shifts
it was shown that the protein has a mixed a/b topology with a central a-helix,
consistent with PBPs in cluster A. The binding of the negatively charged gallium
enterobactin ligand causes significant chemical shift perturbations, but the overall
topology of the protein remains similar. 15N backbone relaxation data indicate
that both apo- and holo-FepB are well ordered, with the exception of the first 25
N-terminal residues. Moreover, in apo-FepB there is a significant mobile region
observed between residues 225–250, while the dynamics for this region is largely
suppressed upon ligand binding. However, to determine the exact binding mode
of FepB and its ligand, additional structural data (e.g., RDCs and NOEs) is required
and research along these lines is currently pursued.
2.3 Materials and Methods
2.3.1 Sample Preparation
Mature fepB (Elkins & Earhart, 1989) with the signal sequence removed was cloned
into pET-19b (Novagen) to generate plasmid pFepB (Krewulak, 2005). E. coli
BL21(DE3) was used to express recombinant FepB with an N-terminal 10xHis tag
(315 residues, 34 kDa). For the induction of protein synthesis, cells were grown
at 37 C in M9 minimal medium with 100 mg/mL ampicillin to an OD600  0.8 and
incubated for 3 h at the same temperature in the presence of 0.5 mM isopropyl b-
D-thiogalactoside (IPTG). To purify FepB, cell pellets were resuspended in a buffer
containing 20mMTris-HCl, pH 8.0, and 500mMNaClwith 10 mg/mLDNAse I and
0.5 mM phenylmethanesulfonyl fluoride (PMSF) added. After French press (SLM-
Aminco/Spectronic), the cell lysate was loaded onto a nickel Sepharose column
(GE Healthcare) pre-equilibrated with 20 mM Tris-HCl, pH 8.0, and 500 mMNaCl.
After extensive washing, FepB was eluted with 20 mM Tris-HCl, pH 8.0, 500 mM
NaCl, and 200 mM imidazole, and homogeneity was confirmed by 15% SDS-PAGE.
A U-[13C,15N]-1H/2H sample of FepB was obtained using the general isotope
labeling-strategy outlined by Tugarinov et al. (2006). Briefly, pFepB – E. coli
BL21(DE3) was grown in 1 L of D2O M9 medium containing 3 g/L U-[
1H,13C]-D-
glucose (Cambridge Isotope Laboratories) and 1 g/L 15NH4Cl (Cambridge Isotope
Laboratories) as the sole carbon and nitrogen sources, respectively. M9 medium
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initially contained 90 nM FeCl2, and additional supplementation with FeCl2 (300
nM final concentration) was required to suppress native enterobactin production.
A second NMR sample for the stereospecific assignment of methyl groups was
prepared using 10% U-[1H,13C]-D-glucose and 90% unlabeled glucose as described
earlier by Neri et al. (1989), but growth was performed in 100% D2O. A third U-
[15N]-1H/2H sample of FepB was prepared to perform 15N relaxation studies.
A U-[13C,15N]-1H/2H FepB sample loaded with Ga 3+–enterobactin was prepared
using iron-free enterobactin obtained from Professor G.Winkelmann (University of
Tu¨bingen). A 10 mM Ga 3+–enterobactin stock solution (1 mg of iron-free entero-
bactin dissolved in 10mMGa3NO4, 20 mMTris-HCl, pH 8, 33 v/v%methanol) was
prepared and titrated into the protein solution until the [1H  15N]-HSQC spectrum
did not change anymore. Complete removal of the methanol by extensive dilution-
concentration steps and freeze-drying of the sample was confirmed by 1D 1HNMR
(data not shown).
All NMR samples contained 1 mM FepB, and 50 mM sodium phosphate, pH 6.4
(93% H2O and 7% D2O).
2.3.2 NMR Spectroscopy
NMR experiments were performed at 25 C on a Varian Unity Inova (600 and
800 MHz) or Bruker Avance 700 MHz four-channel spectrometer, equipped with
a triple-resonance room temperature (600 and 800 MHz) or cryogenically cooled
(700 MHz) probehead with pulsed field gradient capabilities.
NMR Chemical Shift Assignment
Sequential backbone assignments were obtained by recording a series of TROSY
(Pervushin et al., 1997) variants of the standard experiments on a 600 (apo-FepB) or
700 MHz (holo-FepB) spectrometer.
Chemical shift assignments for apo-FepB were obtained by recording 3D CT-
HNCA, CT-HN(CO)CA, HN(CA)CB, HN(COCA)CB, HN(CA)CO, and HNCO ex-
periments (Yang & Kay, 1999b); a 3D 15N-edited NOESY-HSQC (Marion et al.,
1989) and 4D HNCOi 1CAi (Konrat et al., 1999) were recorded to confirm the
assignments. Chemical shift assignments for holo-FepB were obtained by record-
ing 3D HNCA, HN(CO)CA, HNCACB, HN(CO)CACB, HN(CA)CO, and HNCO
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experiments (Salzmann et al., 1998, 1999; Eletsky et al., 2001).
Side chain assignments of methyl-containing amino acids for both systemswere ob-
tained using the 3D C-TOCSY-CHD2 experiment on the same U-[
13C,15N]-1H/2H
labeled protein sample as described earlier (Otten et al., 2010) (see Chapter 3).
Stereospecific assignments for Leu and Val residues were obtained from a CHD2-
detected CT-[1H  13C]-HSQC spectrum acquired on the 10% 13C-labeled sample of
apo-FepB on the basis of the sign of the cross-peaks relative to the e-methyl group
of Met. Stereospecific assignments for holo-FepB were not determined experimen-
tally, but inferred from the comparison of the apo- and holo-FepB spectra.
See the Appendix, Table A2.1, for a detailed description of the experimental param-
eters and Tables A2.3 and A2.4 for the chemical shift assignments of apo-FepB and
holo-FepB, respectively.
NMR Spin Relaxation Measurements
All spin relaxation experiments for apo-FepB were conducted at two static mag-
netic field strengths (600 and 800 MHz). The backbone 15N relaxation experiments
(R1, R1r, and f1Hg-15NNOE) were recorded on the U-[15N]-1H/2H labeled sample
using TROSY-modified versions of the experimental schemes described by Farrow
et al. (1994) and Akke & Palmer (1996). R1 values were measured from 16 (600
MHz) or 14 (800 MHz) 2D spectra recorded in an interleaved fashion, with T delays
of 0, 125.24, 250.48, 375.72, 500.96, 751.44, 1001.92, 1252.40 (2x), 1502.88 (2x), 1753.36
(2x), and 2003.84 (3x) ms (600 MHz) or 0, 276.73, 415.10, 553.46, 830.19, 1106.92,
1383.65 (2x), 1660.38, 1937.11 (2x), and 2213.84 (3x) ms (800 MHz). R1r values were
measured from 15 2D spectra recorded in an interleaved fashion, with T delays of 0,
6, 12, 18, 24, 30 (2x), 36 (2x), 42 (2x), 48 (2x), and 54 (2x)ms using a 1.7 (600MHz) and
2.0 (800 MHz) kHz spin-lock field. f1Hg-15NNOE experiments were recorded with
(NOE) and without (REF) a 1H pre-saturation period of 3 seconds and an interscan
delay of 10 s (600 MHz) or 11 s (800 MHz) was used for both experiments.
All spin relaxation experiments for holo-FepB were conducted at a single static
magnetic field strength (700 MHz). The backbone 15N relaxation experiments (R1,
R2, and f1Hg-15N NOE) were recorded on the U-[15N,13C]-1H/2H labeled sample
using the experimental schemes described by Zhu et al. (2000). R1 values were
measured from 12 2D spectra recorded in an interleaved fashion, with T delays of
100, 170, 400 (2x), 680, 850, 1010, 1250, 1500 (2x), 1700, and 2000 ms. R2 values were
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measured from 12 2D spectra recorded in an interleaved fashion, with T delays of
16 (2x), 32 (2x), 48 (2x), 64 (2x), 80 (2x), and 96 (2x) ms. f1Hg-15NNOE experiments
were recorded with (NOE) and without (REF) a 1H pre-saturation period of 5
seconds and an interscan delay of 5 seconds was used for both experiments.
See the Appendix (Table A2.2), for a detailed description of the experimental
parameters to measure the relaxation parameters of apo-FepB and holo-FepB.
2.3.3 Data Processing and Analysis
All data sets were processed with the NMRPipe/NMRDraw software package
(Delaglio et al., 1995) and analyzed using the program Sparky (Goddard & Kneller,
2008). Briefly, an appropriate linear prediction algorithm (mirror image linear pre-
diction (Zhu & Bax, 1990) for constant-time evolution or forward-backward linear
prediction (Zhu & Bax, 1992) in the case of real-time evolution) was employed to
double the indirect domains. A cosine-squared window function was employed in
all domains. All chemical shifts are referenced to DSS according to Wishart et al.
(1995b).
The values of R1, R1r, and R2 were obtained by fitting the extracted cross-peak
intensities to a mono-exponential decay. Intensities were extracted using the
program Sparky (Goddard & Kneller, 2008) and data fitting was performed us-
ing Curvefit v1.4 (http://www.palmer.hs.columbia.edu/software/curvefit.html)
using the script “sparky2rate” (http://xbeams.chem.yale.edu/ loria/sparky2rate).
Uncertainties in the peak heights were determined from duplicate measurements
and uncertainties in the longitudinal and transverse relaxation rates were estimated
from Jackknife simulations (Mosteller & Tukey, 1977). In the case of apo-FepB, R2
values were calculated from R1r values corrected for resonance offset effects (Peng
& Wagner, 1992), using the following relationship:
R1r = R1  cos2 q + R2  sin2 q
where q = tan 1(n1/Dn), n1 is the spin-lock frequency and Dn is the difference
between 15N offset frequency and the 15N carrier frequency. f1Hg-15NNOE values
were determined from the experiments with and without irradiation and their
uncertainty was estimated from the root-mean-square of the noise level. For some
residues the signal intensity was rather low, resulting in a high(er) uncertainty in
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the R1, R2, and f1Hg-15NNOE values. Data points for which the relative error was
larger than 25% were excluded from the analysis.
An analysis of secondary structure elements on the basis of 1HN, 15N, 13C
0
, 13C a,
and 13C b chemical shifts was performed using the neighbor corrected Structural
Propensity Calculator (ncSPC) (Tamiola et al., unpublished results), available as
a web-server (http://www.protein-nmr.org). The analysis was performed with
the random coil chemical shift library described by Tamiola et al. (2010) using
the assigned chemical shift data for the above-mentioned nuclei as input for the
calculations, and the raw output data (without moving average) was used in the
analysis.
The protein flexibility was predicted from the chemical shifts, based on the “ran-
dom coil index” as proposed by Berjanskii & Wishart (2005) using the webserver
available at http://wishart.biology.ualberta.ca/rci.
Absolute chemical shift changes upon ligand-binding were compared on a per-
residue basis for all backbone resonances and methyl groups individually. Further-
more, a combined chemical shift change per residue was calculated for backbone
and methyl resonances by combining all chemical shifts:
Ddbb =
q
(DdHN )2 + (DdN/RN)2 + (DdC0/RC0)2 + (DdCa/RCa)2 + (DdCb/RCb)2
Ddmethyl =
q
(DdHM )2 + (DdCM/RCM )2
where Ri denotes the scaling factor of nucleus i and these were determined accord-
ing toMulder et al. (1999) from the ratio of the average standard deviations,< sd >i
/< sd >HN for backbone nuclei and< sd >i /< sd >HM for methyl groups. Using
the chemical shift data available in the BioMagResBank (http://bmrb.wisc.edu) for
the 20 common amino acids in proteins we obtained the following scaling factors:
RN = 6.4, RC0 = 3.0, RCa = 3.5, RCb = 3.2 and RCM = 5.4.
Corrections for deuterium isotope effects were done for 15N, 13C a, and 13C b chem-
ical shifts (Venters et al., 1996; Gardner et al., 1997) prior to chemical shift analysis.
It should be noted, however, that these isotope corrections were determined for
perdeuterated protein samples and that those corrections might differ slightly for
our U-[13C,15N]-1H/2H labeled protein samples.
38 Chapter 2
2.3.4 Bioinformatics
All PBPs for which structural and functional data is available (Berntsson et al.,
2010; Chu & Vogel, 2011) were used for a multiple sequence alignment with FepB
(UniProt ID: P0AEL6) using ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2).
The output from the alignment was subsequently used as input for the Phylip
package (http://evolution.genetics.washington.edu/phylip.html). A distance ma-
trix was created based on the Dayhoff PAM method and the phylogenetic tree was
generated using the Fitch-Margoliash tree drawing method. A statistical estimate
of the confidence of the branching in the tree was determined using the bootstrap
method. The above-mentioned procedure was repeated for FepB with only the
PBPs in cluster A.
2.4 Results and Discussion
A pairwise sequence alignment between FepB and the 120 PBPs for which struc-
tural and functional data is available (Berntsson et al., 2010; Chu & Vogel, 2011),
indicates that the sequence identity is on average only 6.3 4.0%, with a maximum
of 20%. Despite the fact that several homologous proteins are present in the data
set, the average sequence identity for the complete pairwise alignment is only 6.9
5.6% and confirms earlier findings that PBPs have vary diverse primary sequences.
As noted earlier by Berntsson et al. (2010), the phylogenetic analysis based on the
multiple sequence alignments is difficult due to the aforementioned low sequence
identity. Nevertheless, from the analysis of all PBPs it was clear that the primary
sequence of FepB clusters together with sequences of PBPs that are found in cluster
A (data not shown). We, therefore, performed the bioinformatics analysis again
but now with only sequences from cluster A. Figure 2.3 indicates that, based on the
sequence alignments, FepB is more closely related to PBPs in cluster A-II (Berntsson
et al., 2010). While the separation from subcluster I is apparent, one cannot make
other conclusive statements based on the phylogenetic tree because the confidence
on the branching points, determined using the bootstrap method, is rather low.
All proteins in cluster A possess an interdomain a-helix and the further division
in subclusters I and II is consistent with conformational differences in this a-helix.
Cluster A-I consists of proteins with a 20-residue a-helix (similar to FhuD), while
a 2–3 residue 310 helix is found at the start of the slightly longer a-helix (25
residues) for proteins in subcluster II (Chu & Vogel, 2011).
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Figure 2.3. Phylogenetic tree for FepB
and the structural characterized PBPs
in cluster A based on multiple se-
quence alignment. The values at the
branching points are determined by
the bootstrap method and indicate
the percentage that this branching
consistently occurred.
2.4.1 NMR Spectroscopy and Resonance Assignments
Despite comprehensive efforts over the past years to obtain crystals for FepB,
no suitable crystallization conditions were found for apo- or holo-FepB, thereby
preventing structural studies of this PBP using X-ray crystallography (Krewulak,
2005). NMR spectroscopy circumvents the need for diffracting crystals, but its
application to obtain a high-resolution structure for a 34 kDa, single-chain protein
is not straightforward. The methodology to obtain NMR resonance assignments
for backbone nuclei is, however, well established and involves a combination of
advances in biochemical labeling methods (e.g., deuteration) and NMR method-
ology (e.g., TROSY) (see, for example, the review by Gardner & Kay (1998) and
Wider & Wu¨thrich (1999)). The dilution of the highly polarized 1H spins by
deuteration greatly improves the sensitivity and spectral resolution of NMR spectra
for high molecular weight systems, but the concomitant reduction in the number
of available NOE-based distance restraints severely impedes the determination of
a high-resolution structure (Gardner et al., 1997). Even though the determination
of a high-resolution, three-dimensional structure of such large proteins remains a
challenging task, information obtained fromNMRdata can give insight into protein
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Figure 2.4 illustrates the [1H  15N]-TROSY-HSQC (panel A) and the CHD2-detected
CT-[1H  13C]-HSQC (panel B) spectrum of the U-[13C,15N]-1H/2H apo-FepB sam-
ple, the same data for holo-FepB is shown in the Appendix (Figure A2.1). High-
quality spectra with excellent sensitivity and resolution were obtained for both
systems and thus provide a good starting point for an in-depth investigation using
NMR spectroscopy.
Protein expression in a bacterial growth medium containing U-[1H,13C]-D-glucose
as the sole carbon source and 100% D2O yields NMR samples that are highly
deuterated at aliphatic carbon positions while all methyl groups are isotopically
enriched with 1H (cf. Figure 2.4, panel B) (Rosen et al., 1996; Shekhtman et al.,
2002; Otten et al., 2010). In particular, 13C a positions are >95% deuterated and
high deuterium incorporation levels are found for 13C b positions as well, with
the exception of Ser, Cys, and Trp residues (Rosen et al., 1996; Otten et al., 2010).
Of note, since all NMR measurements for obtaining the backbone assignment are
“out-and-back” 1HN-detected experiments it is of great importance that a (nearly)
complete back-exchange of amide protons is achieved after the bacterial expression.
In the case of FepB, as in most other studies, it is assumed that during the protein
purification in H2O the deuterium nuclei at all labile positions are exchanged
by protons. In some cases (e.g., malate synthase G (Tugarinov et al., 2002)) an
additional unfolding/refolding step is, however, necessary to accomplish this goal.
The combination of deuteration and TROSY-variants of the standard NMR exper-
iments yielded a nearly complete assignment of the 1HN, 15N, 13C ’, 13C a, and
13C b chemical shifts for both apo-FepB (95%) and holo-FepB (96%). Significant
residual protonation on 13C b positions was only observed for Ser residues, but
did not hamper the assignment procedure. A closer inspection of the [1H  15N]-
TROSY-HSQC spectrum (Figure 2.4, panel A), shows that not all cross-peaks exhibit
uniform line widths and intensities. Interestingly, most residues for which the
assignments are incomplete or absent (residues 46–47, 57–60, 115–118, 140–142,
and 159–160) could neither be observed in the apo- nor the holo-state of the
protein. The fact that these correlations are absent/weak in both states of the
protein makes it unlikely to be an effect of ligand binding. The observation
might be caused by the aforementioned (incomplete) back-exchange, but is in other
studies also attributed to exchange processes on the intermediate time scale (e.g.,
conformational exchange and/or fast proton exchange with the solvent). While
incomplete back-exchange cannot be excluded as a reason for the missing/weak
signals in the [1H  15N]-TROSY-HSQC spectrum, the titration of apo-FepB with
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gallium enterobactin toward the holo-state of the system (data not shown) supports
the hypothesis of a conformational equilibrium between the different possible
states (see Figure 2.2). Considering the high binding affinity of enterobactin (in
the nM range), the addition of substoichiometric amounts is expected to result
in a superposition of the spectra for the apo- and holo-states (slow exchange
regime). In stark contrast to this prediction, however, several resonances weaken
or disappear completely in the course of the titration and these effects correlate
with the chemical shift differences between the two end states, suggesting that it
is due to conformational exchange. Moreover, similar effects are observed for side
chain methyl groups and for these resonances it can be excluded that incomplete
back-exchange or fast proton exchange with the solvent is the origin. In conclusion,
our NMR data show indications of an equilibrium between different states of the
protein, but further experiments are needed to fully characterize this dynamical
process.
In addition, our biochemical labeling scheme yields 13CHD2 methyl groups with
high abundance for all methyl-containing amino acids and these can be sequence-
specifically assigned to near completion, using 13C TOCSY NMR spectroscopy
(Otten et al., 2010). In the case of FepB, a nearly complete assignment of the methyl
groups was obtained (85% and 76% for apo-FepB and holo-FepB, respectively). It is
worth noting that these percentages are lower limits in the sense that more methyl
resonances are present in the 3D C-TOCSY-CHD2 experiment, but since signals for
these methyl-containing amino acids are not present in the backbone experiments
(see above) they cannot be sequence-specifically assigned. The backbone and
methyl group assignments of apo- and holo-FepB are given in the Appendix (Tables
A2.3 and A2.4, respectively).
2.4.2 Secondary Structure of Apo- and Holo-FepB
The obtained backbone chemical shift assignments can be used to identify sec-
ondary structure elements in FepB by calculating the difference between the ob-
served chemical shifts and their corresponding “random-coil value”. After the
introduction of this concept in the early 90’s by the groups of Jardetzky, Suadek,
Richards and others (Szila´gyi & Jardetzky, 1989; Pastore & Saudek, 1990; Wishart
et al., 1992; Wishart & Sykes, 1994), several alternative definitions of the “random-
coil values” have been reported, for example by including corrections for sequence
effects (Schwarzinger et al., 2001; Wang & Jardetzky, 2002). In the current study,
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we have used the neighbor corrected Structural Propensity Calculator (ncSPC)
for which the random-coil database and the neighbor corrections are based solely
on BioMagResBank (Ulrich et al., 2008) entries of intrinsically disordered proteins
(Tamiola et al., 2010). All chemical shifts (1HN, 15N, 13C ’, 13C a, and 13C b) were
used to calculate the secondary structure propensity for apo- and holo-FepB (see
the Appendix, Figure A2.2 for scores per nucleus) and the combined, consensus
score is shown in Figure 2.5 (panels A and B, respectively). Positive values in
this consensus ncSP score are indicative of a-helical content, while negative scores
reveal b-strands. The consensus secondary structure elements for apo-FepB are
shown in panel C (Figure 2.5), while the difference between the ncSPholo and
ncSPapo score is presented in panel D.
Figure 2.5. Consensus ncSP score for apo- and holo-FepB (panels A and B), overall
topology of FepB (panel C;  helix,  beta), and the difference (ncSPholo –
ncSPapo) between the two states (panel D).
From Figure 2.5 it is apparent that the overall topology of FepB is mixed a/b, and
consists of approximately 10 helical and sheet regions. The observed secondary
structure elements of FepB are in good agreement with the global fold of other
PBPs from cluster A, which are all comprised of two globular, mixed a/b-domains
(Rossmann-fold) and an interdomain a-helix. These findings confirm the prediction
from the bioinformatics analysis that FepB is part of this specific cluster of PBPs.
The binding of gallium enterobactin does not really affect the overall topology of
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the protein, even though in a few regions (residues 143–147, 227–242, and 294–302)
significant deviations are observed (see Figure 2.5, panel D). A positive/negative
value for the difference in ncSP score between the two states indicates that such
region became less/more extended upon ligand binding. Ligand binding is accom-
panied with a transition from coil to beta for residues 227–242 and from alpha to
more extended for the latter region.
2.4.3 Ligand-Induced Chemical Shift Changes
Figure 2.6. Overlay of the
[1H  15N]-TROSY-HSQC
(panel A) and CHD2-
detected CT-[1H  13C]-
HSQC (panel B) spectrum
of apo-FepB (red) and
holo-FepB (blue).
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Substantial chemical shift perturbations upon ligand binding can be observed in
Figure 2.6, both for backbone amide as well as for side chain methyl group reso-
nances. All backbone and side chain resonances for which assignments are avail-
able in both apo- and holo-FepB have been used to probe for structural changes
due to binding of gallium enterobactin. All nuclei show significant chemical shift
changes (see the Appendix, Figure A2.3), with maximum absolute differences of
1.2, 6.8, 3.5, 2.6, 2.4, 0.28, and 1.1 ppm for 1HN, 15N, 13C ’, 13C a, 13C b, 1HM, and
13CM, respectively.
The combined chemical shift perturbation for backbone nuclei and side chain
methyl groups is calculated as described in “Materials and Methods” and the
results are shown in Figure 2.7 (panels A and B, respectively). It is worth not-
ing that chemical shift changes are consistently observed for all different probes
and, moreover, throughout most of the primary sequence of the protein, except
for the first 50 N-terminal residues. Carbon chemical shifts, and in particular
13C a and 13C b, are highly sensitive to f/y torsion angles and, therefore, the
regions showing large chemical shift perturbation for those nuclei correlate with
the observed changes in structural propensity (cf. Figures 2.5 and A2.3). Amide
protons and side chain methyl groups, on the other hand, are strong reporters of
local tertiary structure (e.g., proximity to aromatic residues, hydrogen bonds, and
hydrophobic effects) (Mulder & Filatov, 2010) and complement the information
obtained from 13C/15N backbone chemical shifts. Unifying the aforementioned
results suggest that the overall topology upon ligand binding is hardly altered, and
that the observed chemical shift differences report mainly on local changes in the
hydrophobic interior of the protein and/or rearrangements in the domain interface.
For comparison we show in Figure 2.7 also the backbone chemical shift mapping
for maltose binding protein (MBP) upon binding to maltotriose and b-cyclodextrin
(panels C and D, respectively), calculated using the chemical shift assignments
from Kay and co-workers (BMRB entries: 4354, 4987, and 4987) (Gardner et al.,
1998; Evena¨s et al., 2001). MBP is a periplasmic binding protein that belongs to
cluster B and has been extensively studied both by X-ray crystallography and NMR
spectroscopy (Sharff et al., 1992, 1993; Quiocho et al., 1997; Gardner et al., 1998;
Evena¨s et al., 2001). High-resolution X-ray structures are available for the apo
form of the protein as well as for different ligand-bound states. These studies have
established that MBP adopts an open conformation in the absence of the ligand
and that large conformational changes (35 domain closure, “Venus flytrap”-
type motion) take place upon binding of the ligand, while retaining the same
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overall topology. Residual dipolar coupling (RDC) data confirmed the domain
reorientation upon binding of maltotriose, but also revealed significantly more
domain closure (14) in the case of b-cyclodextrin than deduced from the crystal
structures (2). In the case of MBP the chemical shift perturbations, although
observed throughout the primary sequence, are limited to the ligand binding site
and the domain interface in its immediate surrounding. Of note, the chemical shift
perturbations upon binding of maltotriose or b-cyclodextrin are confined to the
same regions of the protein, but the magnitude is on average two to three times
smaller in the latter case (cf. Figure 2.7, panels C and D) in qualitative agreement
with the difference in closure angle (Evena¨s et al., 2001). It is important to realize,
however, that from this NMR data alone it is not possible to determine if the
closure angle of 14 is a static value or, alternatively, represents an “average”
reflecting the proposed dynamic equilibrium between the different possible states
of the protein (see Figure 2.2).
It is difficult to interpret the chemical shift perturbation data in a quantitative
manner because there is no high-resolution structure of FepB available. However,
it is fair to conclude that from the comparison of the data obtained for FepB and
MBP, a “Venus flytrap”-type of binding mode seems to be a plausible possibility
for FepB.
Figure 2.7. Combined chemical shift differences between apo- and holo-FepB for
backbone (panel A) andmethyl groups (panel B). Consensus backbone chemical
shift mapping for maltose binding protein upon binding to maltotriose (panel
C, max: 2.1 ppm) and b-cyclodextrin (panel D, max: 2.6 ppm).
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2.4.4 Protein Dynamics
Backbone 15N relaxation measurements were performed on apo- and holo-FepB
to examine if the fast (ps–ns) time scale backbone dynamics are influenced by the































































Figure 2.8. 15N relaxation parameters of apo-FepB recorded at 600 (red) and 800
(blue) MHz (left panel), holo-FepB recorded at 700 MHz (middle panel), and a
more detailed comparison of the loop dynamics (residues 225–250) upon ligand
binding (right panel).
The data for apo-FepB recorded at 600 and 800 MHz and the data for holo-FepB
recorded at 700 MHz are shown in Figure 2.8 (left and middle panels, respectively).
It is important to note that the absolute values of R1, R2 and f1Hg-15N NOE
cannot be compared directly because the data was recorded at different magnetic
field strengths. A qualitative interpretation is, however, possible and this will be
discussed below. The data in the left panel (Figure 2.8) indicates that overall apo-
FepB is well ordered (high NOE values and uniform values for R1 and R2), with
the exception of the first 25 N-terminal residues of the protein and a flexible region
between residues 225 and 250. Upon ligand binding (Figure 2.8, middle panel) the
N-terminal part of the protein remains highly flexible, while the dynamics of the
mobile loop is largely suppressed. In the right panel (Figure 2.8) an inset is shown
for this part of the protein which demonstrates that the flexibility in the first part of
the loop (residues 225–232) is similar, but that the remainder has becomemore rigid
upon ligand binding. Holo-FepB seems to exhibit slightly more dynamic around
residues 102 and 183, but the differences are not as large as for the above-mentioned
extended loop.
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The predicted protein flexibility based on chemical shift data as described by
Berjanskii & Wishart (2005) is in good agreement with the information obtained
from the measured 15N relaxation parameters. Their algorithm calculates the
flexibility from a “Random Coil Index” (RCI) by comparing the experimental
data and expected random coil values, and shows reasonable correlation with the
Modelfree order parameter (S2) derived from NMR relaxation measurements.
Figure 2.9. Predicted order parameter for apo- (  F  ) and holo-FepB (  ) based
on the chemical shift data.
In Figure 2.9 the result of the RCI prediction is shown for apo- and holo-FepB based
on the assigned 1HN, 15N, 13C ’, 13C a, and 13C b chemical shifts. The predicted S2 is
highly uniform and similar for both systems, showing only increased flexibility for
the first 25 residues and the region between residues 225 and 250. Moreover, the
predicted behavior of the loop region and the measured effect upon ligand binding
are identical: the first part of the loop remains flexible while the latter part becomes
more rigid when the ligand is bound.
2.4.5 Ligand Binding and Comparison with Data for Other PBPs
Previously obtained results of a sequence alignment of FepB with its homologues
from other organisms show that there are several conserved residues (e.g., Phe,
Tyr, Glu/Asp, Arg, and Trp) which are, based on homology modeling with FhuD,
implicated in the formation of the ligand binding site or represent solvent-exposed
residues that might interact with the inner membrane transporter (Krewulak, 2005).
From fluorescence results it is clear that (some) Trp residues respond to the addition
of ferric enterobactin and are, therefore, involved in the formation of the ligand
binding site or at least in close proximity. Of note, there is a decrease in quantum
yield rather than a shift in the emission maximum, indicating that the environment
of the Trp residues does not really change upon ligand binding (Krewulak, 2005).
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As described earlier, the conformational change upon ligand binding varies signif-
icantly between PBPs from the different structural clusters. For PBPs in cluster
A, in particular, there are conflicting observations from both experimental and
computational approaches. For some systems (e.g., FitE, FeuA, and HmuT) large,
hinged motions are observed (cf. PBPs in clusters B–F), while others (e.g., FhuD,
FhuD1, and FhuD2) show only modest interdomain motion. Finally, there are even
PBPs (e.g., BtuF, ShuT, PhuT, ZnuA, and TroA) for which ligand binding does not
seem to significantly alter the overall structure. In the case of ZnuA and TroA, both
proteins belonging to subcluster A–I (Berntsson et al., 2010), there is a hinge-like
motion of a few degrees, and the binding of the Zn 2+ ion is mainly accompanied by
changes in some loops (Lee et al., 1999, 2002; Yatsunyk et al., 2008). More recently,
the structures of the apo- and holo-forms of HtsA (Beasley et al., 2009; Grigg et al.,
2010b) and SirA (Grigg et al., 2010a) have been solved by X-ray crystallography.
Both proteins are member of cluster A–II and bind the siderophores staphyloferrin
A and B, respectively. The conformational changes upon ligand binding are similar
to those observed for ZnuA and TroA, namely little hinge motion between the
domains, but (large) localized conformational changes in the loops that form part
of the binding site. A possible explanation for the difference in ligand binding
modes could be the actual size of the ligand, as was pointed out by Lee and co-
workers (Lee et al., 1999). PBPs can bind a wide variety of ligands with different
sizes and these range from ions (e.g., Zn 2+, 1.5 A˚3; SO 2 –4 , 66.5 A˚
3) to maltodextrin
(882.3 A˚3). The commonly accepted “Venus flytrap” bindingmode implies that two
requirements are met: (i) the bending motion is wide enough to accommodate the
exchange of the ligand between the binding site and solvent, and (ii) the closed
form is significantly stabilized upon ligand binding (i.e., sum of the energy gained
by ligand binding and lost to changes of entropy is sufficiently high). In other
words, for small ligands the required hinge motion for binding is only modest and
high-affinity binding can only be achieved by an almost pre-formed binding site,
because otherwise the entropic costs would be too high. For bigger ligands (e.g.,
enterobactin, 545 A˚3), a larger hinge bending is expected to allow for the actual
ligand binding/release. The binding of such ligands can be associated with a larger
entropic penalty (e.g., ordering of amobile hinge region), because the change in free
energy upon binding is bigger than for small ions.
For other catecholate-type siderophore binding PBPs (e.g., CeuE, YclQ, and FeuA),
it has been observed that basic amino acids (Arg/Lys) are present in the active
site, presumably to accommodate the negatively charged ferric-siderophore ligand.
Unexpectedly, these conserved residues are not present in FepB, which could point
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to a different binding mode for this specific PBP. However, from the NMR data
presented here, we cannot draw definite conclusions on the binding mode of FepB.
It is clear that the loop dynamics is altered upon ligand binding (see Figure 2.8),
which might point to a similar binding mode as observed for SirA (Grigg et al.,
2010a) and HtsA (Beasley et al., 2009; Grigg et al., 2010b), both found in the Gram-
positive Staphylococcus aureus. On the other hand, the chemical shift perturbation
data and comparison to MBP (see Figure 2.7), indicates that a “Venus flytrap”
type of binding is a possible scenario as well. It is tempting to speculate on
the difference between PBPs from Gram-positive and Gram-negative bacteria (the
former showing the “Venus flytrap” most prominently), but relying only on X-ray
structures remains a delicate issue here. As has been demonstrated in the case of
b-cyclodextrin/MBP, the opening angle is significantly affected by crystal packing
effects (Evena¨s et al., 2001), and, therefore, one needs to be cautious in using only
static structures to deduce the binding mode. Additional structural information of
(more) PBPs is needed before general conclusions can be drawn, and solution state
NMR is able to provide such information, either by solving the solution structures
of the apo- and holo-state or by providing information on the relative domain
orientations (e.g., using RDC data). Research along these lines on the different
structural states of FepB is currently pursued in our laboratories.
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Table A2.2. Experimental Details for the 15N Backbone Relaxation NMR
Experiments on FepBa
Experiments on apo-FepBb Number of Max. evolution d1 nt exp. time Reference
complex points time (ms) (s) (hours)
n1 n2 t1 t2
TROSY-[15N]-T1 128 (N) 512 (H) 51.2 56.9 3 8 38.5
d Farrow et al. (1994)
128 (N) 626 (H) 36.6 56.9 3 8 34d Farrow et al. (1994)
TROSY-[15N]-T1r 128 (N) 512 (H) 51.2 56.9 3 8 27
d Akke & Palmer (1996)
128 (N) 626 (H) 36.6 56.9 3 8 27d Akke & Palmer (1996)
TROSY-f1Hg-15N NOE 128 (N) 512 (H) 49.2 64.0 10 8 81d Farrow et al. (1994)
128 (N) 704 (H) 36.6 64.0 11 8 101d Farrow et al. (1994)
Experiments on holo-FepBc Number of Max. evolution d1 nt exp. time Reference
complex points time (ms) (s) (hours)
n1 n2 t1 t2
TROSY-[15N]-T1 128 (N) 1024 (H) 45.9 104.9 1 8 9
d Zhu et al. (2000)
TROSY-[15N]-T2 128 (N) 1024 (H) 45.9 104.9 1 16 18
d Zhu et al. (2000)
TROSY-f1Hg-15N NOE 128 (N) 1024 (H) 46.2 91.8 5 32 47d Zhu et al. (2000)
a Data recorded at 25 C. b Data recorded at 600 (first row) and 800 (second row) MHz. c Data recorded at 700 MHz. d Total experimental time for the complete
measurement series.
Table A2.3. Backbone and Side Chain Assignments of Apo-FepB
Residue 1HN 15N 13C
0 13C a 13C b Residue 1HN 15N 13C 0 13C a 13C b
S13 - - 175.1 58.40 62.91 V47 - - 174.7 60.18 32.94
G14 8.357 111.0 173.8 44.81 V47 Cg1: 22.78 Hg1: 0.828 Cg2: 22.55 Hg2: 0.876
H15 8.165 119.6 174.7 55.37 29.11 S48 7.852 118.3 175.5 55.15 64.04
I16 8.115 123.8 175.8 60.83 37.91 T49 8.283 116.8 171.5 61.78 68.50
I16 Cg1: 26.10 C d1: 12.11 H d1: 0.709 Cg2: 16.75 Hg2: 0.760 T49 Cg2: 20.61 Hg2: 1.073
D17 8.370 124.4 176.1 54.22 40.60 S50 7.627 116.2 174.6 54.09 63.29
D18 8.177 121.3 176.3 V51 9.218 134.3 175.1 64.79 30.63
D19 8.238 120.9 176.4 54.38 40.50 V51 Cg1: 18.61 Hg1: 1.098 Cg2: 22.08 Hg2: 1.557
D20 8.159 120.9 176.6 54.21 40.27 T52 7.841 117.0 179.7 66.76 68.32
K21 8.023 121.2 176.8 55.96 31.50 T52 Cg2: 19.32 Hg2: 0.190
H22 8.297 119.4 174.9 55.40 28.20 L53 8.092 123.4 178.7 56.84 41.35
M23 8.262 122.1 175.8 55.21 32.08 L53a Cg : - C d1: - H d1: - C d2: - H d2: -
M23b C e : - H e : - T54 8.039 117.5 174.9 66.44
A24 8.260 125.1 177.3 51.75 18.81 T54 Cg2: 21.43 Hg2: 1.141
A24c C b : 19.00 H b : 1.380 G55 6.591 105.5 175.6 46.48
D25 8.275 120.6 174.4 54.68 40.63 S56 6.709 117.0 175.6 62.85 64.35
W26 7.788 120.1 174.2 54.78 30.38 L57a - - - - -
P27 175.9 62.11 36.15 L58 - - 181.2 56.86 39.55
R28 8.686 118.0 173.7 54.47 32.32 L58 Cg : 25.08 C d1: 26.41 H d1: 0.044 C d2: 21.91 H d2: 0.555
Q29 8.506 120.8 175.5 54.09 29.73 A59 7.797 122.1 178.5 54.86 17.59
I30 9.002 124.3 175.7 57.76 39.38 A59c C b : 17.68 H b : 1.174
I30 Cg1: 26.01 C d1: 10.57 H d1: 0.734 Cg2: 18.10 Hg2: 0.880 I60 - - 172.7 59.62 36.64
T31 8.989 125.2 174.4 61.52 69.83 I60 Cg1: 23.16 C d1: 13.55 H d1: 0.610 Cg2: 17.42 Hg2: 0.731
T31 Cg2: 21.09 Hg2: 1.131 D61 7.736 116.2 174.8 55.30 38.22
D32 9.389 129.5 177.4 52.08 42.24 A62 7.820 118.9 176.8 49.36 17.13
S33 8.075 111.9 175.6 60.37 62.72 A62c C b : 17.26 H b : 0.880
R34 8.433 120.6 176.1 54.33 29.74 P63 173.6 62.56 26.53
G35 7.837 108.9 171.2 44.28 V64 8.299 123.1 174.8 57.58 32.10
T36 8.192 116.3 173.8 62.04 69.19 V64 Cg1: 17.84 Hg1: 0.755 Cg2: 21.57 Hg2: 0.704
T36 Cg2: 21.43 Hg2: 0.997 I65 8.589 122.0 177.1 60.24 38.20
H37 8.986 125.8 174.0 53.51 30.31 I65 Cg1: 25.34 C d1: 13.55 H d1: 0.780 Cg2: 17.80 Hg2: 0.869
T38 9.101 121.5 174.2 62.56 69.27 A66 7.246 120.7 175.1 50.62 22.09
T38 Cg2: 21.67 Hg2: 1.070 A66c C b : 22.25 H b : 1.135
L39 9.145 129.6 176.9 53.37 41.90 S67 8.561 111.7 176.5 54.68 64.59
L39 Cg : 26.85 C d1: 25.84 H d1: 1.103 C d2: 23.02 H d2: 0.979 G68 7.604 112.9 171.0 45.80
E40 9.164 124.3 175.6 58.73 29.74 A69 7.402 122.3 177.9 50.61 22.58
S41 7.326 108.3 171.7 55.72 64.71 A69c C b : 22.68 H b : 1.338
Q42 7.339 123.9 174.6 53.04 27.50 T70 9.171 119.6 171.4 57.52 70.07
P43 176.3 63.39 31.40 T70 Cg2: 17.89 Hg2: 1.027
Q44 11.160 125.1 175.4 55.09 31.69 T71 7.663 116.5 172.5 61.05 69.65
R45 10.010 125.7 174.6 54.62 31.96 T71 Cg2: 20.90 Hg2: 1.159
I46a - - - - - P72 177.1 62.70 31.83
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Residue 1HN 15N 13C
0 13C a 13C b Residue 1HN 15N 13C 0 13C a 13C b
N73 7.990 115.2 174.6 54.02 36.31 S125 7.322 115.1 176.9 58.20 63.48
N74 - - 175.8 50.26 37.36 A126 8.837 134.9 176.7 50.47 15.95
R75 8.048 114.6 177.4 59.25 30.00 A126c C b : 16.11 H b : 1.429
V76 7.356 107.1 176.0 60.27 32.39 L127 7.353 121.0 178.9 58.11 41.58
V76 Cg1: 21.24 Hg1: 0.772 Cg2: 17.49 Hg2: 0.730 L127 Cg : 26.04 C d1: 23.90 H d1: 0.824 C d2: 24.24 H d2: 0.799
A77 7.873 126.9 176.5 50.71 23.39 A128 8.918 121.6 178.9 54.33 17.20
A77c C b : 23.59 H b : 1.129 A128a C b : - H b : -
D78 8.607 120.1 178.1 51.42 40.65 L129 7.776 116.8 177.0 53.31 41.45
D79 8.258 116.6 176.4 55.48 39.39 L129 Cg : 26.52 C d1: 24.97 H d1: 0.701 C d2: 22.90 H d2: 0.735
Q80 8.160 117.2 175.7 54.28 29.87 Y130 7.891 122.0 177.1 63.87 38.76
G81 7.419 105.3 174.2 44.96 D131 9.014 119.0 178.3 57.49 38.95
F82 8.154 121.7 175.3 51.98 36.72 Q132 7.814 118.9 179.1 58.24 28.35
L83 - - 178.4 54.93 37.22 L133 8.450 119.7 177.9 57.29 39.72
L83 Cg : 25.15 C d1: 25.22 H d1: 1.173 C d2: 20.50 H d2: 0.683 L133a Cg : - C d1: - H d1: - C d2: - H d2: -
R84 7.746 119.0 178.3 60.00 30.42 S134 8.128 111.8 175.5 60.61 62.74
Q85 9.838 116.4 174.7 57.51 25.17 T135 6.953 111.1 175.3 62.61 68.85
W86 6.600 115.6 175.9 54.77 26.76 T135 Cg2: 20.91 Hg2: 1.224
S87 7.067 118.5 177.3 61.79 I136 7.694 124.4 175.8 63.16 37.61
K88 8.615 118.3 179.0 59.28 31.27 I136 Cg1: 26.64 C d1: 14.23 H d1: 0.796 Cg2: 17.08 Hg2: 0.780
V89 7.089 120.6 178.1 64.70 30.96 A137 7.540 120.5 172.3 49.82 18.51
V89 Cg1: 20.81 Hg1: 0.909 Cg2: 20.63 Hg2: 0.944 A137c C b : 18.57 H b : 0.968
A90 7.979 120.7 180.0 54.81 18.23 P138 174.7 64.01 30.50
A90c C b : 18.37 H b : 1.488 T139 7.990 122.0 173.9 60.98 70.72
K91 7.844 117.6 180.9 59.14 31.59 T139 Cg2: 21.44 Hg2: 0.718
E92 8.178 122.3 178.6 58.90 28.77 L140 - - 174.9 52.12 45.42
R93 7.776 115.3 175.0 55.63 28.28 L140 Cg : 25.86 C d1: 26.99 H d1: 0.769 C d2: 22.45 H d2: 0.452
K94 7.697 116.8 176.4 56.26 27.76 I141 9.345 123.5 175.7 59.50 38.34
L95 7.708 120.6 177.2 56.09 42.22 I141 Cg1: 26.14 C d1: 14.41 H d1: 0.480 Cg2: 17.27 Hg2: 0.618
L95 Cg : 25.99 C d1: 23.65 H d1: 0.450 C d2: 26.27 H d2: 0.082 I142 9.030 129.0 174.4 57.14 38.42
Q96 7.526 124.9 175.0 54.88 29.11 I142 Cg1: 26.45 C d1: 10.04 H d1: 0.632 Cg2: 17.57 Hg2: 0.753
R97 9.039 126.0 176.8 54.92 30.73 N143 9.388 129.1 174.7 50.84 39.01
L98 8.247 126.5 175.4 55.99 45.88 Y144 8.491 119.9 176.5 55.27 38.41
L98a Cg : - C d1: - H d1: - C d2: - H d2: - D145 8.800 125.2 176.8 54.67 42.41
Y99 6.465 110.0 173.2 54.77 37.64 D146 7.571 119.1 175.2 52.68 40.05
I100 8.725 120.0 176.8 60.49 38.73 K147 7.018 114.1 175.0 53.38 32.23
I100 Cg1: 26.16 C d1: 12.76 H d1: 0.671 Cg2: 16.54 Hg2: 0.702 S148 8.709 118.3 175.7 56.57 64.26
G101 8.224 114.8 173.4 46.25 W149 8.779 121.7 179.3 59.34 26.95
E102 8.294 129.6 173.7 53.79 28.82 Q150 8.369 124.6 178.1 60.97 25.58
P103 175.4 61.35 31.46 S151 7.769 117.5 177.5 61.21 62.65
S104 5.412 111.9 174.8 54.79 63.62 L152 8.460 125.2 178.7 57.70 40.72
A105 9.211 130.2 179.4 54.39 17.32 L152a Cg : - C d1: - H d1: - C d2: - H d2: -
A105c C b : 17.48 H b : 1.284 L153 8.562 119.2 179.7 58.34 40.01
E106 8.731 119.8 179.3 59.58 28.02 L153a Cg : - C d1: - H d1: - C d2: - H d2: -
A107 7.682 121.6 180.1 53.97 18.31 T154 8.004 116.3 177.2 66.66 67.83
A107c C b : 18.45 H b : 1.588 T154 Cg2: 20.78 Hg2: 1.150
V108 7.015 116.6 177.7 66.08 30.23 Q155 8.230 124.5 179.2 59.02 27.65
V108 Cg1: 21.84 Hg1: 0.804 Cg2: 21.68 Hg2: 1.026 L156 - - 180.9 56.92 40.45
A109 8.262 121.4 181.1 54.86 16.90 L156 Cg : 26.00 C d1: 26.30 H d1: 0.686 C d2: 21.76 H d2: 0.706
A109a C b : - H b : - G157 9.216 112.8 174.5 47.52
A110 7.607 118.8 178.9 53.62 17.55 E158 7.480 123.5 177.8 58.43 28.73
A110c C b : 17.69 H b : 1.446 I159a - - - - -
Q111 7.148 113.5 174.9 54.47 27.48 T160 - - 178.3 61.28 71.05
M112 7.882 114.7 173.3 55.21 29.33 T160 Cg2: 21.26 Hg2: 0.960
M112b C e : - H e : - G161 8.114 113.6 174.6 47.35
P113 176.7 62.13 32.23 H162 8.506 121.0 174.0 54.82 27.57
D114 8.850 115.8 175.9 52.60 40.28 E163 10.300 123.9 180.8 60.47 27.75
L115 - - 174.9 52.18 K164 8.789 120.6 178.7 58.90 31.17
L115a Cg : - C d1: - H d1: - C d2: - H d2: - Q165 8.058 119.5 178.8 60.18 27.15
I116 9.340 123.5 - 59.50 A166 7.873 121.1 178.0 55.60 17.40
I116a Cg1: - C d1: - H d1: - Cg2: - Hg2: - A166c C b : 17.52 H b : 1.298
L117a - - - - - A167 7.642 117.9 181.5 54.42 16.95
I118 - - 174.4 59.48 41.33 A167c C b : 17.05 H b : 1.416
I118 Cg1: 25.82 C d1: 15.24 H d1: 0.702 Cg2: 16.42 Hg2: 0.845 E168 8.230 120.1 179.6 58.92 28.82
S119 9.575 121.6 175.7 56.60 64.57 R169a - - - - -
A120 8.143 126.0 176.9 53.62 19.66 I170 - - 177.7 66.11 38.03
A120c C b : 19.79 H b : 1.203 I170 Cg1: 29.25 C d1: 12.98 H d1: 0.753 Cg2: 16.43 Hg2: 0.830
T121 7.617 106.4 173.0 58.83 71.50 A171 8.000 120.7 181.2 54.60 17.36
T121 Cg2: 21.42 Hg2: 0.971 A171c C b : 17.53 H b : 1.489
G122 7.998 104.2 177.2 43.65 Q172 8.585 120.6 179.2 58.52 27.37
G123 - - 174.1 45.93 F173 8.457 122.5 176.4 62.16 38.78
D124 8.617 116.9 176.9 51.77 39.98 D174 8.771 121.0 180.3 57.49 39.45
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Residue 1HN 15N 13C
0 13C a 13C b Residue 1HN 15N 13C 0 13C a 13C b
K175 8.125 121.3 179.8 58.94 31.60 L223 9.269 128.3 178.3 54.14 40.34
Q176 8.164 121.6 179.1 57.77 27.02 L223 Cg : 27.43 C d1: 23.96 H d1: 0.787 C d2: 22.43 H d2: 0.778
L177 8.944 125.6 178.4 59.27 39.94 A224 9.077 126.8 177.4 51.78 17.75
L177 Cg : 26.21 C d1: 26.05 H d1: 0.871 C d2: 23.94 H d2: 0.714 A224c C b : 17.89 H b : 1.033
A178 7.690 121.5 180.6 54.71 16.97 K225 8.601 123.4 176.8 54.91 31.97
A178a C b : - H b : - L226 8.634 126.2 175.5 52.80 40.46
A179 7.706 120.2 180.6 54.16 17.32 L226 Cg : 26.39 C d1: 24.93 H d1: 0.912 C d2: 23.73 H d2: 0.896
A179c C b : 17.46 H b : 1.380 P227 176.8 62.17 31.25
A180 8.171 121.8 179.2 54.81 17.02 A228 8.412 124.9 179.5 53.44 17.81
A180c C b : 17.18 H b : 1.428 A228c C b : 17.97 H b : 1.353
K181 8.342 118.1 178.0 59.14 32.23 G229 8.565 107.7 175.0 45.26
E182 7.153 114.4 177.3 57.18 29.35 L230 7.454 121.1 176.9 55.00 41.37
Q183 7.458 116.7 177.2 56.37 30.58 L230 Cg : 26.29 C d1: 24.33 H d1: 0.766 C d2: 23.33 H d2: 0.738
I184 7.723 117.8 175.2 62.24 39.03 N231 8.211 119.4 175.3 53.10 38.23
I184 Cg1: 25.45 C d1: 14.00 H d1: 0.785 Cg2: 15.89 Hg2: 0.882 A232 8.103 124.5 178.1 52.43 18.44
K185 8.743 127.7 175.6 53.86 30.49 A232c C b : 18.61 H b : 1.347
L186 8.051 124.7 175.7 53.62 39.79 S233 8.169 115.2 175.1 58.73 63.57
L186 Cg : 25.58 C d1: 24.67 H d1: 0.420 C d2: 21.82 H d2: -0.208 Q234 8.230 122.1 176.4 55.55 28.52
P187a - - - S235 8.229 117.1 174.9 58.36 63.80
P188 174.8 64.37 31.56 Q236 8.372 122.3 176.7 55.92 28.31
Q189 8.061 121.3 174.8 51.64 30.38 G237 8.381 110.4 174.1 44.94
P190 175.5 62.13 34.34 K238 7.968 120.5 176.6 55.80 32.21
V191 9.214 112.6 174.3 58.89 33.84 R239 8.159 120.9 - 55.44 30.45
V191 Cg1: 21.57 Hg1: 1.100 Cg2: 18.86 Hg2: 0.706 H240 - - 174.8 55.19 29.05
T192 8.462 120.7 172.3 62.42 70.76 D241 9.052 119.8 174.7 54.95 39.84
T192 Cg2: 23.29 Hg2: 1.374 I242 7.087 115.2 175.6 58.31 42.44
A193 10.170 132.9 175.4 49.88 20.27 I242 Cg1: 26.03 C d1: 12.67 H d1: 0.306 Cg2: 17.28 Hg2: 0.346
A193c C b : 20.46 H b : 1.470 I243 8.746 125.1 175.3 59.56 40.03
I194 9.269 115.4 176.6 58.76 42.70 I243 Cg1: 26.39 C d1: 12.81 H d1: 0.752 Cg2: 16.23 Hg2: 0.735
I194 Cg1: 24.46 C d1: 13.79 H d1: 0.615 Cg2: 17.93 Hg2: 0.782 Q244 8.768 128.4 175.3 55.77 28.83
V195 8.484 118.5 176.2 62.35 33.67 L245 8.640 125.5 176.2 53.17 43.84
V195 Cg1: 20.14 Hg1: 0.926 Cg2: 20.67 Hg2: 1.102 L245 Cg : - C d1: 26.15 H d1: 0.811 C d2: 22.58 H d2: 0.772
Y196 9.989 132.2 174.7 56.45 40.54 G246 8.424 109.7 174.2 43.81
T197 8.262 124.9 174.3 60.12 67.75 G247 8.666 108.5 176.8 46.72
T197 Cg2: 21.23 Hg2: 0.982 E248 9.265 123.7 177.3 57.87 28.36
A198 8.524 130.5 180.4 54.84 17.64 N249 7.963 116.7 175.5 52.94 38.68
A198c C b : 17.73 H b : 1.314 L250 7.104 121.1 177.1 58.19 40.96
A199 8.578 118.7 177.7 53.67 17.48 L250 Cg : 26.07 C d1: 24.26 H d1: 0.772 C d2: 25.04 H d2: 0.770
A199c C b : 17.61 H b : 1.244 A251 8.141 117.4 179.5 54.66 16.96
A200 6.638 116.7 176.6 50.61 19.25 A251a C b : - H b : -
A200c C b : 19.35 H b : 1.203 A252 7.375 117.4 179.1 53.31 18.06
H201 7.569 116.9 172.9 56.16 27.11 A252c C b : 18.19 H b : 1.364
S202 7.109 110.5 171.5 55.98 65.46 G253 7.589 100.6 172.7 44.60
A203 8.618 120.9 174.9 50.22 23.62 L254 7.202 124.8 175.3 52.40 37.83
A203c C b : 23.77 H b : 1.242 L254 Cg : 26.01 C d1: 23.89 H d1: 0.607 C d2: 24.29 H d2: 0.555
N204 8.333 118.9 173.3 50.97 39.37 N255 7.701 113.8 176.6 52.87 36.89
L205 9.265 127.2 175.7 54.30 42.92 G256 7.856 109.1 172.2 45.01
L205 Cg : - C d1: 25.71 H d1: 0.884 C d2: 26.09 H d2: 0.827 E257 8.443 120.1 176.9 57.19 28.79
W206 8.560 125.3 177.1 56.08 28.98 S258 7.176 107.5 172.5 57.46 65.65
T207 8.029 112.0 176.1 59.49 67.73 L259 8.969 124.9 173.9 53.01 44.98
T207 Cg2: 20.47 Hg2: 1.093 L259 Cg : 26.14 C d1: 24.02 H d1: 0.669 C d2: 24.53 H d2: 0.552
P208 176.0 65.43 30.84 F260 9.295 123.7 174.2 55.91 40.85
E209 7.612 112.3 177.1 56.59 28.79 L261 9.034 123.9 177.6 53.39 40.21
S210 7.654 115.8 173.9 57.51 66.61 L261 Cg : 27.17 C d1: 24.15 H d1: 0.490 C d2: 24.13 H d2: 0.550
A211 8.874 125.2 180.6 54.73 17.37 F262 9.338 123.8 175.5 58.30 39.22
A211c C b : 17.22 H b : 1.389 A263 8.902 121.9 175.3 52.95 18.78
Q212 8.493 119.2 177.1 60.72 26.12 A263c C b : 18.91 H b : 1.734
G213 8.053 107.5 175.4 46.74 G264 6.746 104.5 171.1 44.76
Q214 8.501 120.7 179.0 58.46 28.14 D265 9.052 122.3 177.3 51.11 42.13
M215 7.878 119.2 177.8 59.07 31.08 Q266 8.277 118.4 177.6 57.93 27.52
M215b C e : - H e : - K267 7.879 117.7 180.4 58.70 30.33
L216 7.517 115.8 179.9 57.54 38.75 D268 7.640 121.6 177.4 57.43 40.84
L216 Cg : 25.32 C d1: 25.13 H d1: 0.476 C d2: 20.04 H d2: -0.087 A269 7.370 121.7 179.0 54.96 16.62
E217 8.377 121.0 182.2 59.52 28.18 A269c C b : 16.77 H b : 1.189
Q218 8.464 122.3 178.1 58.53 27.88 D270 8.735 118.2 179.3 57.02 39.15
L219 7.433 118.4 175.2 55.26 43.07 A271 7.579 122.9 180.8 54.36 17.38
L219 Cg : 26.08 C d1: 25.92 H d1: 0.712 C d2: 24.16 H d2: 0.832 A271c C b : 17.52 H b : 1.696
G220 7.777 104.6 174.7 43.97 I272 7.340 122.3 178.3 63.09 34.39
F221 8.001 119.1 175.2 57.35 38.22 I272 Cg1: 26.80 C d1: 9.71 H d1: -0.212 Cg2: 15.89 Hg2: 0.201
T222 8.961 117.6 173.9 61.17 70.56 Y273 7.509 116.3 177.0 60.55 37.06
T222 Cg2: 21.04 Hg2: 1.201 A274 7.495 118.6 177.2 51.35 18.67
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Residue 1HN 15N 13C
0 13C a 13C b Residue 1HN 15N 13C 0 13C a 13C b
A274c C b : 18.84 H b : 1.420 E295 10.380 122.1 177.7 57.85 28.04
N275 7.200 119.9 175.7 50.48 37.88 T296 7.062 103.0 173.6 61.69 68.36
P276 178.9 64.50 31.33 T296 Cg2: 21.48 Hg2: 1.066
L277 7.777 116.7 178.0 56.01 40.46 F297 8.108 121.5 174.5 61.15 38.93
L277 Cg : 26.42 C d1: 24.24 H d1: 0.889 C d2: 22.02 H d2: 0.856 R298 7.552 116.8 176.0 53.47 31.35
L278 7.485 115.1 176.6 52.58 39.70 L299 8.903 125.5 174.8 53.68 40.41
L278 Cg : 25.52 C d1: 25.31 H d1: 0.713 C d2: 20.16 H d2: 0.564 L299 Cg : - C d1: 25.02 H d1: 0.625 C d2: 21.61 H d2: 0.535
A279 6.665 118.6 177.7 54.40 18.85 D300 7.735 124.6 173.4 51.33 42.52
A279c C b : 19.05 H b : 1.276 Y301 7.943 118.1 175.3 61.10 38.03
H280 8.337 111.6 175.5 54.81 28.83 Y302 7.309 112.3 180.8 61.42 37.28
L281 7.289 124.1 176.3 52.71 39.23 S303 9.411 119.1 176.3 60.14 62.47
L281 Cg : 26.20 C d1: 26.27 H d1: 0.958 C d2: 21.61 H d2: 0.806 A304 8.860 126.9 180.4 55.31 17.12
P282 178.2 65.36 31.04 A304c C b : 17.25 H b : 0.840
A283 7.969 116.0 179.0 54.94 18.55 M305 7.346 116.6 179.3 57.19 30.38
A283c C b : 18.70 H b : 0.966 M305b C e : - H e : -
V284 6.557 115.2 180.0 64.80 31.36 Q306 7.633 119.3 179.0 58.72 27.48
V284 Cg1: 20.74 Hg1: 0.930 Cg2: 21.74 Hg2: 0.514 V307 - - -
Q285 8.581 121.2 178.0 58.81 28.11 V307 Cg1: 20.73 Hg1: 0.901 Cg2: 23.90 Hg2: 1.170
N286 8.117 112.6 174.5 52.61 37.68 L308 - - 178.7 58.07 40.53
K287 7.724 118.5 176.1 56.85 27.46 L308a Cg : - C d1: - H d1: - C d2: - H d2: -
Q288 8.895 119.7 173.7 52.28 27.67 D309 7.984 119.1 179.6 57.28 40.11
V289 6.246 119.2 175.1 60.74 31.42 R310 8.463 121.7 178.9 57.90 28.71
V289 Cg1: 20.45 Hg1: 0.352 Cg2: 19.82 Hg2: 0.269 L311 8.489 119.2 178.8 57.76 41.08
Y290 8.682 125.7 174.1 56.28 40.24 L311 Cg : 25.73 C d1: 26.71 H d1: 0.619 C d2: 23.49 H d2: 0.721
A291 9.057 126.9 178.3 50.89 18.81 K312 7.955 116.5 178.0 58.56 31.33
A291c C b : 18.96 H b : 1.134 A313 7.427 119.5 180.0 53.23 17.92
L292 8.342 120.8 175.5 54.26 41.23 A313c C b : 18.05 H b : 1.426
L292 Cg : 25.94 C d1: 23.84 H d1: -0.121 C d2: 21.42 H d2: 0.425 L314 7.431 119.5 177.4 56.15 42.47
G293 7.973 107.5 177.6 44.33 L314 Cg : 25.58 C d1: 24.31 H d1: 0.476 C d2: 21.92 H d2: 0.742
T294 8.808 117.8 176.4 64.61 67.51 F315 7.271 123.8 180.2 57.36 40.34
T294 Cg2: 22.45 Hg2: 1.151
a Residue could not be observed in the experiments for assigning backbone resonances or methyl groups. b Methyl groups of Met cannot be assigned using our
experiment. c The slight discrepancy between the 13C b frequency from the backbone assignment and methyl group assignment is due to the isotope effect and is
described in the Appendix of Chapter 3.
Table A2.4. Backbone and Side Chain Assignments of Holo-FepB
Residue 1HN 15N 13C
0 13C a 13C b Residue 1HN 15N 13C 0 13C a 13C b
S12 - - 174.7 58.08 63.81 G35 7.888 109.0 171.1 44.26
S13 8.489 118.6 175.0 58.39 63.64 T36 8.239 116.2 173.8 62.06 69.24
G14 8.391 111.0 173.7 44.81 T36 Cg2: 21.45 Hg2: 0.997
H15 8.201 119.6 174.6 55.32 29.15 H37 9.028 125.8 173.9 53.44 30.26
I16 8.155 123.8 175.8 60.71 37.95 T38 9.155 121.5 174.1 62.58 69.26
I16 Cg1: 26.08 C d1: 12.11 H d1: 0.713 Cg2: 16.74 Hg2: 0.767 T38 Cg2: 21.68 Hg2: 1.072
D17 8.426 124.6 175.9 54.10 40.74 L39 9.181 129.6 176.9 53.35 41.95
D18 8.221 121.4 176.3 54.28 40.66 L39 Cg : - C d1: 25.89 H d1: 1.113 C d2: 22.99 H d2: 0.989
D19 8.280 120.8 176.3 54.36 40.61 E40 9.208 124.4 175.5 58.74 29.78
D20 8.199 120.9 176.6 54.24 40.40 S41 7.365 108.3 171.7 55.74 64.55
K21 8.059 121.2 176.8 55.98 31.61 Q42 7.408 124.1 174.5 53.03 27.47
H22 8.334 119.4 174.8 55.38 28.37 P43 176.2 63.49
M23 8.289 122.1 175.7 55.21 32.19 Q44 11.220 125.2 175.4 55.03 31.65
M23b C e : - H e : - R45 10.060 125.7 174.6 54.72 32.10
A24 8.300 125.2 177.2 51.74 18.91 I46 7.981 120.9 176.4 60.88 38.83
A24c C b : - H b : 1.385 I46 Cg1: 26.76 C d1: 14.41 H d1: 0.566 Cg2: 15.72 Hg2: 0.515
D25 8.318 120.5 174.3 54.72 40.70 V47 - - 174.8 60.21 32.94
W26 7.812 120.0 174.1 54.72 30.68 V47 Cg1: 22.80 Hg1: 0.841 Cg2: 22.52 Hg2: 0.888
P27 175.8 62.11 36.19 S48 7.880 118.5 175.4 55.27 64.17
R28 8.726 118.0 173.5 54.39 32.30 T49 8.324 116.9 171.3 62.11 68.49
Q29 8.544 120.7 175.4 54.11 29.83 T49 Cg2: 20.70 Hg2: 1.073
I30 9.035 124.3 175.6 57.73 39.38 S50 7.503 115.3 174.8 54.19 63.68
I30 Cg1: 26.00 C d1: 10.56 H d1: 0.744 Cg2: 18.05 Hg2: 0.888 V51 9.426 134.8 175.1 64.96 30.97
T31 9.040 125.3 174.3 61.59 69.87 V51 Cg1: 19.38 Hg1: - Cg2: 22.53 Hg2: 1.685
T31 Cg2: 21.13 Hg2: 1.137 T52 8.163 116.2 178.9 67.53 68.29
D32 9.398 129.5 177.4 52.07 42.18 T52 Cg2: 19.17 Hg2: -0.083
S33 8.268 112.1 175.6 60.28 62.68 L53 7.682 120.7 178.4 56.62 40.66
R34 8.462 120.5 176.1 54.22 29.71 L53 Cg : - C d1: 25.94 H d1: 0.837 C d2: 23.54 H d2: 0.937
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0 13C a 13C b Residue 1HN 15N 13C 0 13C a 13C b
T54 7.884 116.9 174.7 66.54 A105c C b : - H b : 1.287
T54a Cg2: - Hg2: - E106 8.754 119.8 179.3 59.48 28.14
G55 6.657 106.4 175.3 47.08 A107 7.690 121.7 180.2 54.08 18.36
S56 6.544 115.4 - 62.98 63.71 A107c C b : - H b : 1.603
L57a - - - - - V108 7.053 116.5 177.6 66.11 30.30
L58 - - 181.1 57.02 39.83 V108 Cg1: 21.99 Hg1: 0.820 Cg2: 21.74 Hg2: 1.050
L58 Cg : - C d1: 26.36 H d1: 0.104 C d2: 21.90 H d2: 0.580 A109 8.348 121.5 181.1 54.85 17.03
A59 7.789 121.5 178.3 54.51 18.07 A109c C b : - H b : 1.440
A59a C b : - H b : - A110 7.659 118.8 178.9 53.63 17.56
I60 - - 172.7 59.51 36.59 A110c C b : - H b : 1.455
I60 Cg1: 22.94 C d1: 12.84 H d1: 0.620 Cg2: 17.24 Hg2: 0.713 Q111 7.166 113.5 174.9 54.51 27.48
D61 7.782 116.0 174.7 55.38 38.20 M112 7.930 114.8 173.2 55.17 29.37
A62 7.760 118.7 176.7 49.37 17.08 M112b C e : - H e : -
A62c C b : - H b : 0.876 P113 176.6 62.15 32.43
P63 173.6 62.53 26.47 D114 8.886 115.6 - 52.60 40.10
V64 8.367 123.1 174.7 57.54 32.13 L115a - - - - -
V64 Cg1: 17.84 Hg1: 0.752 Cg2: 21.57 Hg2: 0.698 I116a - - - - -
I65 8.602 122.3 177.0 60.31 38.15 L117a - - - - -
I65 Cg1: 25.32 C d1: 13.57 H d1: 0.790 Cg2: 17.80 Hg2: 0.870 I118 - - 174.5 59.55 41.53
A66 7.263 120.6 175.0 50.61 22.19 I118 Cg1: 25.89 C d1: 15.16 H d1: 0.719 Cg2: 16.34 Hg2: 0.824
A66c C b : - H b : 1.114 S119 9.850 121.4 175.8 56.62 65.30
S67 8.573 111.8 176.4 54.52 65.33 A120 8.350 126.7 176.7 53.91 19.53
G68 7.743 113.4 170.8 45.83 A120c C b : - H b : 1.351
A69 7.250 121.6 178.2 50.73 22.90 T121 7.465 105.4 173.3 59.45 72.74
A69c C b : - H b : 1.416 T121a Cg2: - Hg2: -
T70 9.220 119.0 171.2 56.63 70.80 G122 8.700 106.1 175.9 43.00
T70a Cg2: - Hg2: - G123 11.130 115.2 174.0 45.37
T71 7.577 117.9 172.2 61.68 69.40 D124 9.083 115.2 176.8 51.37 40.20
T71 Cg2: - Hg2: - S125 7.314 115.8 176.1 57.97 63.46
P72 177.1 62.77 31.20 A126 8.797 135.0 176.6 50.34 15.87
N73 8.349 114.9 174.2 54.09 36.54 A126c C b : - H b : 1.421
N74 7.265 118.1 175.2 51.28 36.91 L127 7.438 121.2 178.7 58.03 41.96
R75 7.962 112.7 177.1 58.79 30.46 L127 Cg : - C d1: 23.82 H d1: 0.849 C d2: 24.57 H d2: 0.857
V76 7.129 104.7 175.6 59.00 32.16 A128 8.928 121.3 178.8 54.27 17.31
V76a Cg1: - Hg1: - Cg2: - Hg2: - A128c C b : - H b : 1.378
A77 7.519 126.0 177.1 50.48 24.05 L129 7.757 116.8 177.0 53.24 41.56
A77c C b : - H b : 1.119 L129 Cg : - C d1: 24.96 H d1: 0.699 C d2: 23.03 H d2: 0.729
D78 8.644 120.5 177.9 51.28 40.63 Y130 7.915 122.0 176.9 63.78 38.91
D79 8.297 116.8 176.2 55.33 39.36 D131 9.059 119.0 178.3 57.51 38.98
Q80 8.258 117.0 175.6 54.43 30.16 Q132 7.858 118.8 179.0 58.22 28.44
G81 7.415 105.6 173.7 44.90 L133 8.506 119.7 177.8 57.26 39.74
F82 8.320 122.4 - 51.64 37.04 L133a Cg : - C d1: - H d1: - C d2: - H d2: -
L83 - - 177.7 55.20 38.34 S134 8.154 111.7 175.4 60.63 62.45
L83a Cg : - C d1: - H d1: - C d2: - H d2: - T135 6.984 110.9 175.2 62.58 68.92
R84 6.560 115.1 178.5 60.33 30.46 T135 Cg2: 20.92 Hg2: 1.231
Q85 9.888 117.4 175.2 57.82 24.62 I136 7.749 124.5 175.7 63.17 37.75
W86 6.392 115.1 175.7 54.15 27.56 I136 Cg1: 26.64 C d1: 14.29 H d1: 0.798 Cg2: 17.06 Hg2: 0.789
S87 6.958 117.7 177.6 61.65 63.50 A137 7.574 120.5 172.2 49.79 18.47
K88 8.549 117.5 179.0 59.22 31.26 A137c C b : - H b : 0.968
V89 7.075 120.9 178.1 64.84 31.09 P138 174.7 64.03 30.58
V89 Cg1: 20.81 Hg1: 0.906 Cg2: 20.57 Hg2: 0.848 T139 8.051 122.2 173.7 61.01 70.67
A90 8.157 120.3 180.2 54.86 18.42 T139 Cg2: 21.58 Hg2: 0.754
A90c C b : - H b : 1.595 L140 - - 174.9 52.13 45.21
K91 7.716 117.7 180.6 59.36 31.63 L140 Cg : - C d1: 26.98 H d1: 0.784 C d2: 22.36 H d2: 0.456
E92 8.259 122.3 178.6 58.94 28.83 I141 9.445 123.5 175.2 59.82 38.31
R93 7.838 115.1 174.9 55.69 28.38 I141 Cg1: 26.18 C d1: 14.17 H d1: 0.439 Cg2: 17.58 Hg2: 0.657
K94 7.725 117.0 176.3 56.24 27.89 I142 - - 175.2 56.96 38.73
L95 7.782 120.4 177.2 56.04 42.36 I142 Cg1: 26.69 C d1: 9.46 H d1: 0.649 Cg2: 17.73 Hg2: 0.840
L95 Cg : - C d1: 23.72 H d1: 0.472 C d2: 26.50 H d2: 0.164 N143 9.432 127.6 174.7 52.89 39.95
Q96 7.547 125.3 174.7 55.00 29.15 Y144 9.226 117.9 176.3 54.80 39.17
R97 9.066 125.7 176.7 54.77 31.03 D145 9.946 124.7 173.3 54.97 39.99
L98 8.303 126.9 175.3 56.08 46.22 D146 7.390 115.0 176.0 51.74 41.21
L98a Cg : - C d1: - H d1: - C d2: - H d2: - K147 6.877 114.4 174.7 53.27 33.46
Y99 6.506 109.7 173.0 54.64 37.75 S148 8.319 115.1 175.5 55.98 64.24
I100 8.710 119.9 177.1 60.24 38.96 W149 9.040 121.5 180.0 59.78 26.87
I100 Cg1: 26.02 C d1: 12.90 H d1: 0.681 Cg2: 16.63 Hg2: 0.731 Q150 8.295 124.2 178.2 60.59 26.06
G101 8.327 115.4 173.1 46.66 S151 8.071 118.9 177.9 61.12 62.39
E102 8.219 129.7 173.3 53.43 29.16 L152 8.113 123.7 178.0 57.50 40.69
P103a - - - L152a Cg : - C d1: - H d1: - C d2: - H d2: -
S104 5.433 112.2 174.8 54.65 64.16 L153 - - 179.5 57.62 41.48
A105 9.243 130.5 179.3 54.50 17.29 L153 Cg : - C d1: 23.10 H d1: 0.784 C d2: 25.80 H d2: -
Iron Transport in Escherichia coli: NMR Studies of FepB 57
Residue 1HN 15N 13C
0 13C a 13C b Residue 1HN 15N 13C 0 13C a 13C b
T154 8.437 115.9 177.3 66.57 67.98 A203 8.168 119.0 173.9 50.49 24.47
T154 Cg2: 20.54 Hg2: 1.131 A203c C b : - H b : 1.296
Q155 7.960 124.4 179.1 59.11 27.50 N204 7.945 118.2 173.1 50.99 39.71
L156 - - 180.8 57.20 40.03 L205 9.257 127.5 176.1 53.93 43.45
L156 Cg : - C d1: 26.36 H d1: 0.748 C d2: 21.73 H d2: 0.729 L205 Cg : - C d1: 25.84 H d1: 0.877 C d2: 26.47 H d2: 0.855
G157 9.133 112.2 174.3 47.45 W206 8.719 124.6 177.3 55.98 29.05
E158 7.608 123.7 177.9 58.45 28.69 T207 8.355 113.0 175.6 59.25 68.21
I159a - - - - - T207 Cg2: 20.47 Hg2: 1.123
T160 - - 178.3 61.32 70.98 P208 176.3 65.07 30.92
T160 Cg2: 21.41 Hg2: 0.983 E209 7.645 112.3 176.3 57.85 29.41
G161 8.138 113.6 174.6 47.41 S210 7.217 112.6 - 57.58 66.83
H162 8.553 121.1 174.0 54.77 27.61 A211 - - 181.7 55.24 17.16
E163 10.280 123.6 180.7 60.31 27.86 A211c C b : - H b : 1.411
K164 8.807 120.7 178.8 58.97 31.27 Q212 8.079 120.1 177.3 61.26 25.70
Q165 8.146 119.5 178.9 60.03 27.06 G213 8.274 109.4 176.1 46.95
A166 7.945 121.7 178.1 55.31 17.16 Q214 8.887 120.7 179.5 59.34 27.11
A166c C b : - H b : 1.321 M215 8.124 120.5 177.9 58.87 30.99
A167 7.921 118.5 181.2 54.44 16.93 M215b C e : - H e : -
A167a C b : - H b : - L216 7.897 117.8 179.6 57.79 38.89
E168 8.100 120.4 179.5 58.96 28.82 L216 Cg : - C d1: 25.44 H d1: - C d2: 20.26 H d2: 0.088
R169 8.016 118.7 180.2 56.81 29.11 E217 8.383 120.4 181.4 59.39 28.14
I170 - - 177.6 66.02 37.63 Q218 8.194 123.4 177.9 58.62 27.10
I170 Cg1: 29.40 C d1: 12.98 H d1: 0.667 Cg2: 16.40 Hg2: 0.838 L219 7.662 119.0 175.3 55.41 42.69
A171 8.214 122.1 181.4 54.78 17.40 L219 Cg : - C d1: 25.33 H d1: 0.818 C d2: 23.65 H d2: 0.806
A171c C b : - H b : 1.512 G220 7.749 104.4 174.7 44.05
Q172 8.308 119.9 179.9 58.65 27.60 F221 8.065 119.3 175.3 57.16 38.66
F173 8.408 121.8 176.7 61.84 39.02 T222 8.937 117.3 173.7 61.09 70.67
D174 9.346 122.1 179.9 57.59 39.72 T222 Cg2: 21.07 Hg2: 1.205
K175 7.675 120.0 179.6 58.94 31.75 L223 9.157 128.2 178.2 54.21 40.78
Q176 7.342 119.8 179.0 57.25 27.18 L223 Cg : - C d1: 24.11 H d1: 0.824 C d2: 22.94 H d2: 0.790
L177 9.183 124.8 177.9 57.82 40.00 A224 9.000 126.7 177.3 51.68 17.86
L177a Cg : - C d1: - H d1: - C d2: - H d2: - A224c C b : - H b : 1.032
A178 7.793 120.8 180.5 54.73 17.01 K225 8.689 123.7 176.7 54.76 31.99
A178a C b : - H b : - L226 8.713 127.3 175.5 52.77 40.76
A179 7.045 118.8 180.2 54.03 17.49 L226 Cg : - C d1: 24.91 H d1: 0.930 C d2: 24.14 H d2: 0.915
A179c C b : - H b : 1.415 P227 176.0 62.11 31.39
A180 8.124 121.2 179.7 54.60 17.42 A228 8.264 123.7 179.2 52.17 18.33
A180a C b : - H b : - A228c C b : - H b : 1.344
K181 8.538 117.0 178.5 59.25 31.50 G229 8.535 108.0 174.9 45.46
E182 7.336 115.6 177.1 57.48 29.26 L230 7.647 120.7 176.8 55.03 40.97
Q183 7.453 116.1 176.7 56.14 30.66 L230 Cg : - C d1: 24.83 H d1: 0.763 C d2: 23.26 H d2: 0.698
I184 7.647 117.5 175.4 61.99 38.96 N231 8.571 122.4 174.0 52.60 37.71
I184 Cg1: 25.60 C d1: 13.54 H d1: 0.730 Cg2: 15.93 Hg2: 0.848 A232 8.140 125.6 177.8 51.55 20.03
K185 8.722 128.7 175.4 53.92 31.04 A232c C b : - H b : 1.334
L186 8.186 124.6 175.4 53.71 39.37 S233 8.194 116.0 174.4 57.32 63.71
L186 Cg : - C d1: 23.81 H d1: 0.315 C d2: 21.88 H d2: -0.025 Q234 8.550 123.4 178.1 54.49 28.21
P187a - - - S235 8.325 120.0 176.4 60.97 62.17
P188 174.7 64.09 31.71 Q236 9.094 120.9 175.0 55.77 27.82
Q189 8.111 121.0 174.6 51.78 30.31 G237 7.799 108.5 172.7 43.81
P190 175.4 62.06 34.50 K238 8.182 120.4 176.3 55.88 30.72
V191 9.168 113.5 174.3 58.90 33.98 R239 8.533 123.7 175.4 55.20 32.22
V191 Cg1: 21.30 Hg1: 0.983 Cg2: 19.08 Hg2: 0.628 H240 10.300 118.1 174.8 56.49 29.69
T192 8.468 121.2 172.1 62.63 70.61 D241 10.210 117.1 176.0 55.57 38.95
T192 Cg2: 23.39 Hg2: 1.382 I242 6.539 108.4 176.8 57.50 43.94
A193 10.080 133.0 175.6 49.82 21.15 I242a Cg1: - C d1: - H d1: - Cg2: - Hg2: -
A193c C b : - H b : 1.514 I243 8.871 124.7 175.6 59.19 39.30
I194 9.253 114.9 176.6 58.87 42.97 I243 Cg1: 25.94 C d1: 11.41 H d1: 0.761 Cg2: 15.89 Hg2: 0.714
I194 Cg1: 24.26 C d1: 13.70 H d1: 0.633 Cg2: 17.99 Hg2: 0.796 Q244 8.776 127.0 175.5 55.42 29.30
V195 8.644 118.3 177.1 62.99 33.79 L245 8.479 123.0 177.1 53.26 43.21
V195 Cg1: 20.48 Hg1: 1.010 Cg2: 20.77 Hg2: - L245 Cg : - C d1: 26.27 H d1: 0.837 C d2: 22.02 H d2: 0.761
Y196 10.570 135.0 175.3 56.44 40.57 G246 8.497 109.7 173.9 44.07
T197 8.594 126.4 174.0 61.80 68.20 G247 8.674 108.3 176.9 46.57
T197 Cg2: 20.88 Hg2: 1.036 E248 9.241 123.3 177.1 57.82 28.60
A198 8.661 131.5 180.7 55.00 17.66 N249 7.990 116.6 175.3 52.68 38.85
A198c C b : - H b : 1.328 L250 7.110 120.4 177.3 58.13 40.94
A199 8.783 118.9 177.6 54.07 17.51 L250 Cg : - C d1: 24.67 H d1: 0.814 C d2: 25.23 H d2: 0.827
A199c C b : - H b : - A251 8.288 117.5 179.4 54.77 17.01
A200 6.444 115.9 176.3 50.39 19.25 A251a C b : - H b : -
A200c C b : - H b : 1.216 A252 7.456 117.4 179.0 53.32 18.11
H201 7.498 116.3 172.2 56.01 26.87 A252c C b : - H b : 1.357
S202 7.277 109.8 171.3 56.29 66.23 G253 7.608 100.4 172.6 44.50
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0 13C a 13C b Residue 1HN 15N 13C 0 13C a 13C b
L254 7.236 124.4 175.3 52.21 37.93 Q285 8.720 121.6 177.9 58.82 28.20
L254 Cg : - C d1: 24.08 H d1: 0.615 C d2: 24.29 H d2: 0.568 N286 8.129 112.5 174.3 52.63 37.67
N255 7.765 114.1 176.5 52.82 36.89 K287 7.809 118.3 176.1 56.79 27.54
G256 7.974 109.3 172.2 44.98 Q288 8.934 120.0 173.6 52.29 27.46
E257 8.436 119.7 176.9 57.10 28.94 V289 6.165 119.0 175.1 60.61 31.65
S258 7.227 107.7 172.4 57.41 66.22 V289 Cg1: 20.46 Hg1: 0.367 Cg2: 19.78 Hg2: 0.294
L259 9.058 125.2 173.7 53.01 44.88 Y290 8.762 125.1 174.0 56.13 40.65
L259 Cg : - C d1: 23.93 H d1: 0.700 C d2: 24.81 H d2: 0.550 A291 9.239 126.8 178.1 50.64 18.77
F260 9.452 124.6 174.4 55.41 41.03 A291c C b : - H b : 1.129
L261 9.155 124.0 176.8 53.29 39.88 L292 8.535 121.3 175.0 54.23 41.31
L261 Cg : - C d1: 24.61 H d1: 0.489 C d2: 23.96 H d2: 0.566 L292 Cg : - C d1: 23.80 H d1: -0.164 C d2: 21.48 H d2: 0.328
F262 9.439 123.0 175.4 57.46 40.14 G293 7.802 106.7 177.2 44.09
A263 8.564 120.6 174.7 52.65 18.42 T294 8.737 117.2 175.7 65.03 68.24
A263a C b : - H b : - T294 Cg2: 22.15 Hg2: 1.138
G264 6.721 103.4 170.7 44.88 E295 9.286 121.3 174.8 56.05 26.54
D265 8.614 122.0 176.9 51.24 42.07 T296 6.719 103.4 173.3 60.64 68.36
Q266 8.311 118.9 177.4 57.97 27.51 T296 Cg2: 21.71 Hg2: 0.955
K267 8.111 117.2 180.2 58.95 30.49 F297 7.897 124.0 175.8 59.96 40.06
D268 7.751 121.6 177.5 57.19 40.71 R298 8.079 114.6 174.9 51.20 31.49
A269 7.099 121.9 178.7 54.91 16.57 L299 9.402 123.6 173.2 52.33 41.55
A269c C b : - H b : 1.208 L299 Cg : - C d1: 25.26 H d1: 0.622 C d2: 22.76 H d2: 0.564
D270 8.666 117.8 179.3 57.08 39.22 D300 7.663 122.9 174.5 51.18 43.93
A271 7.660 122.5 180.8 54.43 17.51 Y301 7.073 115.9 174.5 60.67 39.47
A271c C b : - H b : 1.715 Y302 7.807 113.4 181.1 60.36 36.53
I272 7.453 122.3 178.6 62.41 34.11 S303 8.937 115.1 177.3 59.05 63.41
I272 Cg1: 26.44 C d1: 8.43 H d1: -0.377 Cg2: 16.00 Hg2: 0.187 A304 8.935 127.1 180.3 55.11 16.48
Y273 7.615 116.7 176.7 60.71 37.12 A304a C b : - H b : -
A274 7.508 118.8 177.1 51.36 18.64 M305 7.118 115.0 179.5 57.05 30.31
A274c C b : - H b : 1.439 M305b C e : - H e : -
N275 7.226 119.5 177.1 50.21 37.85 Q306 7.045 118.3 179.3 58.61 27.53
P276 178.8 64.49 31.26 V307 8.449 121.4 177.5 66.20 30.37
L277 7.768 116.7 177.8 56.00 40.32 V307 Cg1: 20.57 Hg1: 0.894 Cg2: 23.98 Hg2: 1.048
L277 Cg : - C d1: 24.26 H d1: 0.902 C d2: 21.98 H d2: 0.866 L308 7.685 118.9 178.4 58.17 40.59
L278 7.474 115.0 176.6 52.54 39.79 L308a Cg : - C d1: - H d1: - C d2: - H d2: -
L278 Cg : - C d1: 25.34 H d1: 0.709 C d2: 20.04 H d2: 0.578 D309 7.441 118.0 179.2 57.26 39.97
A279 6.684 118.4 177.6 54.41 18.98 R310 8.104 121.7 178.6 57.39 28.63
A279c C b : - H b : 1.299 L311 8.588 118.7 178.7 57.65 40.94
H280 8.371 111.6 175.4 54.72 28.93 L311 Cg : - C d1: 26.85 H d1: 0.746 C d2: 23.11 H d2: -
L281 7.288 124.0 176.1 52.62 39.39 K312 7.897 116.6 177.7 58.50 31.47
L281 Cg : - C d1: 26.39 H d1: 0.983 C d2: 21.54 H d2: 0.811 A313 7.377 119.7 179.7 53.03 18.05
P282 178.1 65.44 31.16 A313c C b : - H b : 1.444
A283 7.989 115.8 178.8 55.00 18.49 L314 7.422 119.3 177.2 56.06 43.06
A283c C b : - H b : 0.956 L314 Cg : - C d1: 24.55 H d1: 0.494 C d2: 21.81 H d2: 0.746
V284 6.576 114.9 180.1 64.79 31.47 F315 7.478 123.5 - 57.50 40.60
V284 Cg1: 20.83 Hg1: 0.928 Cg2: 21.56 Hg2: 0.494
a Residue could not be observed in the experiments for assigning backbone resonances or methyl groups. b Methyl groups of Met cannot be assigned using our
experiment. c The slight discrepancy between the 13C b frequency from the backbone assignment and methyl group assignment is due to the isotope effect and is
described in the Appendix of Chapter 3.




















































































































































































































































































































































































































Figure A2.2. Neighbor corrected structural propensity (ncSP) score of apo- (left)
and holo-FepB (right) calculated per nucleus.
Figure A2.3. Chemical changes upon binding of the GaEnt ligand to FepB as





NMR Spectroscopy of Methyl Groups
in Large Proteins
Renee Otten1, Byron Chu2, Karla D. Krewulak2, Hans J. Vogel2 and
Frans A. A. Mulder1
1 Groningen Biomolecular Sciences and Biotechnology Institute (GBB), University
of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
2 Biochemistry Research Group, Department of Biological Sciences, University of
Calgary, 2500 University Drive Northwest, Calgary, Alberta T2N 1N4, Canada
Reproduced with permission from: Otten, R.; Chu, B.; Krewulak, K. D.; Vogel, H. J.
and Mulder, F. A. A. (2010) J. Am. Chem. Soc., 132 (9): 2952 – 2960.
Copyright 2010 American Chemical Society.

NMR Spectroscopy of Methyl Groups in Large Proteins 65
3.1 Abstract
An NMR approach is described which yields the methyl resonance assignments
of alanine, threonine, valine, leucine, and isoleucine residues in proteins with
high sensitivity and excellent resolution. The method relies on protein samples
produced by bacterial expression using U-[1H,13C]-D-glucose and 100% D2O,
which is cost-effective and ensures the isotopic enrichment of all possible methyl
groups. Magnetization transfer throughout the methyl-containing side chains is
possible with this labeling scheme due to the high level of deuteration along the
amino acid side chain, coupled with the selection of the favorable 13CHD2 methyl
isotopomer for detection. In an application to the 34 kDa periplasmic binding pro-
tein FepB, 164 out of 195 methyl groups (85%) were assigned sequence-specifically
and stereospecifically. This percentage increases to 91% when taking into account
that not all backbone assignments are available for this system. The remaining
unassigned methyl groups belong to six leucine residues, caused by low cross-
peak intensities, and four alanine residues due to degeneracy of the 13C a/13C b
frequencies. Our results demonstrate that NMR spectroscopic investigations of
protein structure, dynamics, and interactions can be extended to include all methyl-
containing amino acids also for larger proteins.
3.2 Introduction
Over the past decade the potential of NMR spectroscopy to study protein structure
and dynamics of higher molecular weight systems has been greatly enhanced by
taking advantage of NMR hardware developments (e.g., cryogenic probes) and
combining advances in sample preparation and NMR methodology. In particular,
methyl groups have been targeted since they often occur in the hydrophobic core
of a protein and at the interface of complexes (Janin et al., 1988). Hence, methyl
groups are considered important reporters of protein structure (Gardner et al.,
1997; Tugarinov & Kay, 2005) and dynamics (Mulder et al., 2001a; Tugarinov &
Kay, 2005; Mittermaier & Kay, 2006; Brath et al., 2006; Sprangers & Kay, 2007),
and are suitable to use in ligand-binding or protein-protein interaction studies (Kay
et al., 1996; Hajduk et al., 2000; Frederick et al., 2006). Furthermore, methyl groups
are particularly beneficial for NMR spectroscopic studies of high molecular weight
systems, as methyl 1H/13C NMR lines are narrow due to rapid 3-fold jumps about
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the methyl symmetry axis (Kay et al., 1992a) and the TROSY principle (Pervushin
et al., 1997) can be employed (Tugarinov et al., 2003, 2004; Ollerenshaw et al., 2005).
Approaches using only deuteration or a combination of deuteration and methyl
spectroscopy (LeMaster & Richards, 1988; Grzesiek et al., 1993; Gardner & Kay,
1998) have enabled NMR studies of protein structure and dynamics for several
highmolecular weight systems (Mulder et al., 2000; Ferna´ndez et al., 2001a,b; Arora
et al., 2001; Hwang et al., 2002; Tugarinov et al., 2002; Kreishman-Deitrick et al.,
2003; Sprangers et al., 2005; Sprangers & Kay, 2007).
Deuteration, in particular, has the potential to improve both the sensitivity and
spectral resolution of NMR spectra. Although early applications focused on sim-
plifying proton spectra through isotopic substitution (Crespi et al., 1968; Markley
et al., 1968), the dilution of the highly polarized 1H spins by deuteration greatly
improved the relaxation properties of the remaining proton nuclei in perdeuterated
samples (Kalbitzer et al., 1985; LeMaster & Richards, 1988; Grzesiek et al., 1993). As
a result, even for systems with higher molecular weight, perdeuterated samples
give spectra with narrow lines. However, the concomitant reduction in the number
of available NOE-based distance restraints severely impedes the determination of
a high-resolution structure (Gardner et al., 1997). Therefore, when working with
high molecular weight systems, one would prefer protein samples with specific
protonation at some desired positions (e.g., methyl groups) while at the same time
retaining high levels of deuteration at all other sites. In such a situation NMR
spectra would demonstrate good sensitivity and resolution due to the high level
of deuteration, while the spectroscopically interesting atoms (e.g., methyl groups)
would be present in protonated form.
Different approaches to achieve this goal have been published, either by providing
chemically synthesized amino acids or precursors or by making clever use of
the amino acid biosynthetic pathways of Escherichia coli. An example of the first
approach is the so-called stereoarray isotope-labeling (SAIL) strategy developed by
Kainosho and co-workers (Kainosho et al., 2006), in which specifically labeled
amino acids are incorporated using a cell-free protein expression system. While
the resulting protein molecules are ideal for studying them by NMR, this technique
is not in general use, mainly due to the high costs or lack of availability of the
required isotopically labeled amino acids. Another rather obvious biosynthetic
approach is to employ random fractional deuteration, as explored by the groups of
Laue (Nietlispach et al., 1996; Smith et al., 1996), LeMaster (LeMaster & Richards,
1988) and Fesik (Zhou et al., 1995; Muchmore et al., 1996; Sattler et al., 1997). It
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was shown that, depending on the protein size, a deuteration level between 50%
and 75% presents a good compromise between spectral quality and the number
of measurable distance restraints. However, a disadvantage of random fractional
deuteration is that it leads to spectral deterioration due to isotope effects. Obtaining
a more defined fractional labeling is possible by performing the bacterial growth in
fully deuterated medium with a protonated carbon source (i.e., acetate (Venters
et al., 1991), pyruvate, (Rosen et al., 1996; Lee et al., 1997) or glucose (Rosen et al.,
1996; Shekhtman et al., 2002)). Protein samples prepared in such a way are highly
deuterated at the 13C a position and contain different isotopomer compositions for
methylene and methyl groups. Although many labeling schemes based on random
fractional deuteration have been proposed, the tailoring of NMR experiments to the
obtained labeling has lagged behind. Finally, the approach pioneered by Kay and
co-workers, in which suitably labeled compounds are added to the growthmedium
to obtain protonated methyl groups, has received the most attention. Selective
methyl protonation strategies in an otherwise deuterated background have been
described for Ile(d1) (Gardner & Kay, 1997; Goto et al., 1999) and [Val, Leu] (Goto
et al., 1999) using U-[2H,13C]-D-glucose and a-ketobutyrate or a-ketoisovalerate,
respectively, as precursors, and more recently for Met (Gelis et al., 2007) and Ala
(Isaacson et al., 2007; Ayala et al., 2009). A number of specifically labeled a-
ketoacid precursors are commercially available and have been used for different
applications, reviewed recently by Tugarinov et al. (2006).
Despite the success of the above-mentioned labeling strategies, they suffer from one
or a combination of the following drawbacks: (i) the labeled precursors are rather
expensive, (ii) bacterial growth on carbon sources other than glucose proceedsmore
slowly and to smaller cell density, (iii) protein production levels are lower, and,
most importantly, (iv) only a subset ofmethyl groups in the target protein is labeled.
Ideally, one would prefer to apply a protocol using U-[1H,13C]-D-glucose as the
precursor and grow in high levels of D2O, because this is cost-effective and ensures
enrichment of all available methyl groups (Rosen et al., 1996; Shekhtman et al.,
2002). In practice, such a sample may already be available since it is commonly
used for obtaining the backbone resonance assignment. This procedure does have
its drawbacks as it yields varying levels of 2H enrichment throughout the amino
acid side chains, giving rise to peak doubling or unresolved line broadening due
to isotope shifts (Rosen et al., 1996; Shekhtman et al., 2002). Fortunately, most posi-
tions in the side chains of methyl-containing amino acids become highly deuterated
using this procedure while favorable isotopomer distributions are found for the
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methyl groups (Rosen et al., 1996; Shekhtman et al., 2002).
We hereby propose to fully exploit the aforementioned strategy to label all methyl
groups and present a novel experiment for their sequence-specific assignment,
tailored to the given labeling pattern. In our approach, a 3D doubly sensitivity-
enhanced C-TOCSY-CHD2 experiment correlates the
13C chemical shifts of the
entire side chain with the 13C/1H frequencies of each methyl group. Because
of the high deuteration level in the side chains, except for the methyl groups,
the magnetization originates on 13C and can be transferred efficiently by 13C
homonuclear mixing with little loss due to relaxation. The magnetization that
has been transferred to the methyl group is subsequently frequency-labeled with
the methyl 13C chemical shift in a constant-time fashion, and only the 13CHD2
isotopomer is detected to obtain a high-resolution spectrum.
In an application to the 34 kDa bacterial periplasmic binding protein FepB (Sprencel
et al., 2000), we were able to sequence-specifically and stereospecifically assign 110
out of the 121 methyl-containing amino acids (i.e., 91%) for which the backbone
assignments were available. To mimic a larger system, the experiment was also
performed at 5 C, where the tumbling time of the protein is 38 ns, and the
sensitivity was found to be only about 30% lower. Although the use of specific
precursors might be necessary for really large single-chain proteins, we anticipate
that our approach is a viable alternative for many interesting protein systems.
For single-chain proteins of 30–40 kDa an assignment level of more than 80%
is feasible, and oligomeric proteins, complexes, or solubilized membrane proteins
with a correlation time of 40 ns are also within reach.
3.3 Materials and Methods
3.3.1 Sample Preparation
Mature fepB (Elkins & Earhart, 1989) with the signal sequence removed was cloned
into pET-19b (Novagen) to generate plasmid pFepB. E. coli BL21(DE3) was used
to express recombinant FepB with an N-terminal 10xHis tag. For the induction
of protein synthesis, cells were grown at 37 C in M9 minimal medium with 100
mg/mL ampicillin to an OD600  0.8 and incubated for 3 h at the same temperature
in the presence of 0.5 mM isopropyl b-D-thiogalactoside (IPTG). To purify FepB,
cell pellets were resuspended in a buffer containing 20 mM Tris-HCl, pH 8.0,
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and 500 mM NaCl with 10 mg/mL DNAse I and 0.5 mM phenylmethanesulfonyl
fluoride (PMSF) added. After French press (SLM-Aminco/Spectronic), the cell
lysate was loaded onto a nickel Sepharose column (GEHealthcare) pre-equilibrated
with 20 mM Tris-HCl, pH 8.0, and 500 mM NaCl. After extensive washing, FepB
was eluted with 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, and 200 mM imidazole,
and homogeneity was confirmed by 15% SDS-PAGE.
A U-[13C,15N]-1H/2H sample of FepB was obtained using the general isotope
labeling-strategy outlined by Tugarinov et al. (2006). Briefly, pFepB – E. coli
BL21(DE3) was grown in 1 L of D2O M9 medium containing 3 g/L U-[
1H,13C]-
D-glucose (Cambridge Isotope Laboratories) as the sole carbon source and 1 g/L
15NH4Cl (Cambridge Isotope Laboratories) as the nitrogen source. M9 medium
initially contained 90 nM FeCl2, and additional supplementation with FeCl2 (300
nM final concentration) was required to suppress native enterobactin production.
A second NMR sample for the stereospecific assignment of methyl groups was
prepared using 10% U-[1H,13C]-D-glucose and 90% unlabeled glucose as described
earlier by Neri et al. (1989), but growth was performed in 100% D2O.
A third sample, U-[13C,15N]-1H/2H FepB loaded with Ga 3+–enterobactin was
prepared using iron-free enterobactin obtained from Professor G. Winkelmann
(University of Tu¨bingen). A 10 mMGa 3+–enterobactin stock solution (1 mg of iron-
free enterobactin dissolved in 10 mM Ga3NO4, 20 mM Tris-HCl, pH 8, 33 v/v%
methanol) was prepared and titrated into the protein solution until the [1H  15N]-
HSQC spectrum did not change anymore. Complete removal of the methanol
by extensive dilution-concentration steps and freeze-drying of the sample was
confirmed by 1D 1H NMR (data not shown).
All NMR samples contained 1 mM FepB, and 50 mM sodium phosphate, pH 6.4
(93% H2O and 7% D2O).
3.3.2 NMR Spectroscopy
NMR experiments were performed at 25 C on a Varian Unity Inova 600 MHz
four-channel spectrometer, equipped with a triple-resonance room temperature
probehead (1H S/N on 0.1% ethylbenzene = 600:1) with pulsed field gradient
capabilities.
Conventional and CHD2-detected 2D constant-time (CT) [
1H  13C]-HSQC experi-
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ments were recorded with the constant time period set to 28 ms, recording 111 (13C)
x 512 (1H) complex points, with maximum evolution times equal to 27.75 (13C) x
64 (1H) ms. An interscan delay of 1.0 s was used along with 128 or 32 scans per
transient, giving rise to a net acquisition time of 8.5 and 2 h for the conventional and
CHD2-detected CT-[
1H  13C]-HSQC experiment, respectively. The CHD2-detected
2DCT-[1H  13C]-HSQC experiment of holo-FepBwas recorded on a Bruker Avance
700 MHz spectrometer, equipped with a cryogenic probe.
Stereospecific assignments for Leu and Val residues were obtained from the CHD2-
detected CT-[1H  13C]-HSQC spectrum acquired on the 10% 13C-labeled sample
(measured in 16 h) on the basis of the sign of the cross-peaks relative to the e-
methyl group of Met.
The 3D C-TOCSY-CHD2 experiment was acquired with 75 (
13C) x 111 (13CM) x 512
(1HM) complex points, with maximum evolution times equal to 6.25 (13C) x 27.75
(13CM) x 64 (1HM) ms. An interscan delay of 3.0 s was used with two scans per
transient, giving rise to a net acquisition time of 58 h. Homonuclear carbon mixing
was achieved using four cycles of the DIPSI-3 mixing scheme, with a total mixing
time of 24.2 ms.
Deuterium T1 and T2 measurements on the 13CH2D isotopomer were performed
using the experimental schemes by Muhandiram et al. (1995). T1 values were
measured from eight 2D spectra recorded with T delays of 0.1, 7.0, 15.0, 23.5, 32.9,
43.1, 54.5, and 70.0 ms. T2 values were measured from nine 2D spectra recorded
with T delays of 0.05, 2.0, 3.5, 6.5, 10.0, 14.5, 20.0, 25.0, and 29.0 ms using a
739 Hz spin-lock field. All data sets were recorded with 85 (13CM) x 768 (1HM)
complex points, with maximum evolution times equal to 28.3 x 85.3 ms, and the
experimental time was approximately 80 min for each 2D plane.
Carbon T1r measurements on the 13CHD2 isotopomer were performed using the
pulse scheme described by Brath et al. (2006). T1 relaxation times were determined
from ten data points, including two duplicates, covering T = 0–1.4 s. T1r relaxation
times were measured using 10 points per decay curve, covering relaxation delays
T = 0–240 ms, including two duplicates (T = 40 ms and T = 100 ms). Six spin-
lock field strengths were used, covering the range w1/2p = 699.1–3932.4 Hz. The
different spin-lock field strengths were combined with offsets ranging from 3.5 kHz
upfield to 3.5 kHz downfield of the center of the methyl region, resulting in 21 data
points per dispersion curve, including the T1 data point. Each data set comprised
105 (13CM) x 512 (1HM) complex points, with maximum evolution times equal
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to 26.2 (13CM) x 64 (1HM) ms. The total acquisition time for each spectrum was
approximately 25 min.
3.3.3 Pulse Sequence
The experimental scheme for the doubly sensitivity-enhanced C-TOCSY-CHD2
experiment is shown in Figure 3.1. The experiment starts with (1H  13C)-NOE-
enhancement to increase the steady-state magnetization of carbon atoms that have
protons attached. The proton pulse train is at the same time used for presaturation
of the water signal, and the increased steady-state magnetization of the methyl
groups is obtained for free. The carbon chemical shifts of the aliphatic carbons in
the side chain are measured during a short (6 ms) evolution period, to minimize
losses due to relaxation and carbon-carbon coupling evolution. Subsequently,
13C  13C homonuclear TOCSY mixing is performed using an isotropic DIPSI-3 se-
quence (Shaka et al., 1988), and therefore, sensitivity enhancement can be employed
in the first indirect domain (Cavanagh & Rance, 1990). The magnetization is then
frequency labeled in a constant-time manner during CT  1/JCC. In the period
k evolution under the 1H  13C coupling takes place, such that, just before the
pulse with phase f3, the desired anti-phase magnetization is obtained for 13CHD2
groups (CX  ! CYHZ), whereas double anti-phase terms develop for 13CH2D
isotopomers (CX  !  CXH1ZH2Z). The remaining part of the sequence consists
of a conventional gradient sensitivity enhancement detection scheme (Kay et al.,
1992b), for which the signals originating from the 13CH2D isotopomer do not lead
to observable magnetization. Since gradient coherence selection is used in both
indirect domains, the experiment can be performed with a phase cycle of only two
scans per transient.
Narrow (wide) filled bars indicate 90 (180) RF pulses applied along the x-axis,
unless otherwise indicated. The 1H carrier is centered at the water resonance
(4.75 ppm), and proton pulses are applied with a field strength of w1/2p = 36.8
kHz. During the last second of the recycle delay a 120 pulse train (w1/2p =
27.6 kHz, separated by 5 ms) on the proton channel was used to saturate the
proton transitions. Alternatively, weak (w1/2p = 30 Hz) continuous-wave (CW)
irradiation can be used to saturate the solvent water resonance.
Rectangular 13C pulses are centered at 40 ppm and applied with w1/2p = 21.4
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Figure 3.1. Pulse sequence for the C-TOCSY-CHD2 experiment.
(Geen & Freeman, 1991) applied on resonance, with a peak RF field strength of
w1/2p = 19.0 kHz and a pulse length of 350 ms, so as to cover all aliphatic carbon
spins (bandwidth 67 ppm). The two other shaped carbon pulses (open domes)
have a REBURP profile (w1/2p = 6.6 kHz, 1.0 ms duration) and are frequency
shifted to 20 ppm and thereby refocus only the methyl resonances (bandwidth 24
ppm). Carbon homonuclear TOCSY mixing is achieved using the DIPSI-3 scheme
(Shaka et al., 1988) applied along the y-axis, with w1/2p = 9.0 kHz. Decoupling
during acquisition is done using GARP-1 (Shaka et al., 1985), with w1/2p = 2.5
kHz. Carbonyl decoupling is performed using an amplitude-modulated SEDUCE-
1 decoupling scheme (McCoy & Mueller, 1992) with w1/2p = 3.5 kHz, applied at
176 ppm. Proton, nitrogen, and deuterium decoupling are achieved by WALTZ-16
(Shaka et al., 1983), using w1/2p = 7.0, 1.0, and 0.7 kHz and the carrier positions
at 4.75, 117.0, and 4.75 ppm, respectively. Flanking 90 deuterium pulses are given
at the same field strength and frequency. Values of the delays are t = 1.98 ms,
CT = 28.0 ms, k = 3.96 ms, e = 0.75 ms, and d1 = 3.0 s. The gradient strengths in
G/cm (length in ms) are g1 = 5.0 (1.0), g2 = 20.0 (0.5), g3 = 25.0 (0.5) and g4 = 16.3
(0.5). All gradients are applied along the z-axis. The phase cycling is f1 = [x,–x],
f2 = [x], f3 = [y] and frec = [x,–x]. Quadrature detection in F1 and F2 is obtained
using the gradient sensitivity enhancement scheme (Kay et al., 1992b): the echo
and anti-echo signals are collected separately by inverting the sign of g2 together
with inversion of f2 and inverting the sign of g3 together with inversion of f2 and
f3, respectively. The pulse sequence and parameter file can be obtained from the
authors upon request.
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3.3.4 Data Processing and Analysis
The data sets were processed with the NMRPipe/NMRDraw software package
(Delaglio et al., 1995) and analyzed using the program Sparky (Goddard & Kneller,
2008). Briefly, mirror image linear prediction (Zhu & Bax, 1990) was used to
extend the 13CM domain of the 2D and 3D data sets while forward-backward
linear prediction (Zhu & Bax, 1992) was employed to double the other indirect 13C
domain. A cosine-squared window function was employed in all domains.
3.4 Results and Discussion
3.4.1 Labeling Protocol and Residual Protonation
Using a labeling protocol based on U-[1H,13C]-D-glucose in 100% D2O (Shekht-
man et al., 2002), we prepared an NMR sample of the periplasmic binding protein
FepB. A nearly complete backbone assignment was obtained using TROSY variants
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Figure 3.2. Part of the methyl region in the 2D CT-[1H  13C]-HSQC spectrum
recorded with either the conventional (left) or CHD2-detected (right) variant
of the experiment.
A part of the CT-[1H  13C]-HSQC spectrum of FepB is shown in Figure 3.2 (left
panel). It can be observed that for most amino acids 13CHD2 presents the major
isotopomer, followed by 13CH2D, and that
13CH3 isotopomers are hardly present.
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To assess the isotopomer incorporation and residual protonation along the side
chain of methyl-containing amino acids in a more quantitative manner, we com-
pared [1H  13C]-HSQC spectra for the small (8.5 kDa) protein calbindin D9k using
samples grown on H2O and D2O. To compensate for differential
13C relaxation
effects, the experiments were recorded with real-time carbon evolution and the
signal intensities were normalized for differences in the sample concentrations. The
average percentages mentioned in Table 3.1 were obtained by dividing the integral
of the various isotopomer signals and their corresponding protonated peak.
Table 3.1. Isotopomer Incorporation and Residual Protonation for Protein Samples
Grown on U-[1H,13C]-D-Glucose in 100% D2O
(A) Average Incorporation (%) of Isotopomers in Methyl Groupsa
Ala-b Thr-g2 Val-g1 Val-g2 Ile-d1 Ile-g2 Leu-d1 Leu-d2 Met-e
CH3 2 1 5 5 1 5 8 5 3
CH2D 33 13 40 44 12 49 45 37 25
CHD2 46 45 55 49 41 49 47 56 30
CD3 19 41 0 2 46 0 0 2 42
(B) Average Isotopomer Incorporation (%) in the Side Chain of Methyl-Containing
Amino Acidsa,b
13C a 13C b 13Cg
Ala CH: 6 CD: 94
Thr CH: 5 CD: 95 CH: 19 CD: 81
Leu CH: 5 CD: 95 CH2: 0 CHD: 4 CD2: 96 CH: 8 CD: 92
Val CH: 4 CD: 96 CH: 11 CD: 89
Ile CH: 5 CD: 95 CH: 8 CD: 92 CH2: 0 CHD: 34 CD2: 66
Met CH: 8 CD: 92 CH2: 5 CHD: 12 CD2: 83 CH2: 5 CHD: 41 CD2: 54
a The uncertainty in the incorporation levels is on the order of 3%. b For methylene
groups CHD represent the average of CHD and CDH.
Our results agree well with previous observations using the REDPRO procedure
(Shekhtman et al., 2002) and findings by Rosen et al. (1996). The 13C a position is
highly deuterated (95%) for all amino acids, and also the 13C b positions are very
highly deuterated, although Thr and Val residues display detectable protonation
(19% and 11%, respectively). Finally, the 13Cg atom of Leu is highly deuterated
(92%), whereas there is a significant fraction of CHD/CDH for Met and Ile at this
position. The methyl groups show a clear pattern in the incorporation of 1H/2H:
in most cases, the 13CHD2 isotopomer represents the major isotopomer and
13CH3
groups are hardly present. Furthermore, from Table 3.1 it is clear that for the Val,
Ile-g2, and Leu residues there is no significant fraction of 13CD3, while the other
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methyl groups do show 13CD3 incorporation ranging from 19% for Ala to 40–46%
for Thr, Ile-d1, and Met.
The 1H/2H incorporation levels in the methyl groups can be rationalized from the
biosynthetic pathways of E. coli (Gottschalk, 1986) as follows. Glucose is converted
into two pyruvate molecules, and therefore, the 13CH3 group in pyruvate will orig-
inate from either a 13CH or a 13CH2 moiety of glucose. For amino acids synthesized
directly from pyruvate (Val, Ala) or indirectly via precursors derived from pyruvate
(Leu, Ile-g2) it is, therefore, observed that the incorporation of 13CH2D and
13CHD2
isotopomers, originating from the 13CH or 13CH2 moiety of glucose, respectively,
are similar. The Thr-g2, Ile-d1, and Met-e methyl groups display higher levels of
deuteration, as they do not originate directly from pyruvate, but follow a different
pathway in which the intermediates becomemore highly deuterated (see Table 3.1).
3.4.2 NMR Spectroscopy and Assignments
Selective detection of an isotopomer with an odd/even number of protons can be
easily achieved in an NMR experiment using a refocused INEPT transfer, based on
the difference in evolution under the JCH scalar coupling. We therefore developed a
CT-[1H  13C]-HSQC pulse sequence (see the Appendix, Figure A3.1) to detect only
the 13CHD2 isotopomer, based on the conventional CT-[
1H  13C]-HSQC scheme
(Vuister & Bax, 1992; Santoro &King, 1992). The part for the selection of the 13CHD2
isotopomer was taken from Brath et al. (2006) and further improvements include
the addition of continuous proton decoupling during the CT period (Uhrı´n et al.,
2000) and detection using a gradient sensitivity enhancement scheme (Kay et al.,
1992b).
Due to the difference in the relaxation properties of the individual lines of the
carbon quartet of a 13CH3 moiety, (Kay & Torchia, 1991; Kay et al., 1992a) it is
difficult to suppress 13CH3 signals completely (Ishima et al., 1999a) if one wants to
detect the 13CHD2 isotopomer. However, with protonated glucose as the precursor
and bacterial cultures grown in 100% D2O, the 13CH3 incorporation is extremely
low, and therefore, a clean 13CHD2 detection can readily be achieved (Figure 3.2,
right panel). Finally, in the currently prepared sample the 13CHD2 isotopomer
exhibits the smallest proton line width, which, together with the high incorporation



























Figure 3.3. CHD2-detected CT-[
1H  13C]-HSQC spectrum of FepB containing
cross-peaks for all the methyl-containing amino acids. Areas indicate where
most assignments are found for the different amino acids. Negative (blue)
signals between 1.2 and 1.5 ppm originate from CHD methylene groups.
From the high-resolution CHD2-detected CT-[
1H  13C]-HSQC spectrum (Figure
3.3) it is clear that the proposed isotope-labeling scheme ensures the enrichment
of methyl groups for all methyl-containing amino acids. Moreover, excellent
spectra in terms of resolution and signal-to-noise ratio were obtained. The fact
that a good-quality spectrum can be recorded for all methyl groups is promising
in itself, but to obtain structural or dynamical information of a protein system the
residue-specific assignment of these cross-peaks is crucial. NMR assignments of
methyl groups can be obtained from (TROSY (Pervushin et al., 1997)) experiments
based on Hartmann–Hahn polarization transfer (TOCSY) schemes detected on the
backbone NH (Farmer & Venters, 1995; Gardner et al., 1996). The sensitivity of
these experiments is, however, rather low in the case of larger systems due to
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the long transfer times from 13C to 15N, and attention has shifted more toward
COSY-type experiments in combination with specific labeling of I(d1)LV (Gardner
et al., 1998; Tugarinov & Kay, 2003a,b) or AI(g2) (Sheppard et al., 2009a,b). As
an alternative, Yang and co-workers devised a strategy for the assignment of side
chains and protein structure determination of large proteins without deuteration
(Xu et al., 2006). A key component in this procedure is a multiple-quantum version
of the (H)CCH-TOCSY experiment (Yang et al., 2004) as an improvement of existing
CH-detected experiments (Uhrı´n et al., 2000; Wu¨rtz et al., 2006) to assign the side
chain resonances. Although their ingenious approach can produce very complete
methyl group assignments for large proteins, this procedure is quite a lot more
time-consuming and labor-intensive.
Our approach is different from the above strategies in that we try to obtain all
methyl assignments from one protein sample using a single experiment based
on prior backbone assignments. Figure 3.1 illustrates the 3D doubly sensitivity-
enhanced C-TOCSY-CHD2 experiment that has been developed to correlate the
13C
chemical shifts of the entire side chain with the 1H/13C frequencies of each methyl
group. The magnetization transfer of the experiment is schematically as follows:
13C(t1)
TOCSY, SE      ! 13CM(CT, t2) SE scheme      ! 1HM(t3)
In our experiment the magnetization originates from all side chain carbon nuclei
rather than methyl protons. This may seem to produce an insensitive experiment,
but avoids nonproductive magnetization transfer at the branching point of Ile, Leu,
and Val residues, which otherwise reduces the sensitivity of COSY- or TOCSY-
based experiments that start on methyl protons (Tugarinov & Kay, 2003a,b).
The C-TOCSY-CHD2 experiment was applied to the 34 kDa protein FepB, which
has an overall rotational correlation time of 19 ns at 25 C (as determined from 15N
relaxation data). The quality of the experimental data can be appreciated from Fig-
ure 3.4, where representative strip plots are shown for various methyl-containing
amino acids. The spectral pattern (number of cross-peaks and frequencies) in a
strip immediately reveals the amino acid type. In the case of Ile, Leu, and Val two
strips can be observed, originating from each of the methyl groups, with the same
spectral pattern. If the 13C a or 13C b signal is weak in one of the strips, it might be
more intense in the other, so that combining the information from both strips will
give a more complete assignment of the side chain. Provided that the 13C a and
13C b frequencies of the methyl-containing amino acids are (i) assigned from the
78 Chapter 3
Figure 3.4. Representative strips for all methyl-containing amino acids. In each
F1(13C) - F3(1HM) slice the assignment of the methyl-containing residue is
shown. The frequencies (ppm) for F2(13CM) and F3(1HM) are shown at the top
and bottom of each slice, respectively.
backbone experiments and (ii) not collectively degenerate within a residue type,
the residue-specific assignment of the methyl resonances can be obtained. For FepB
we thus established the unique identity of 164 methyl groups out of 195 present in
the protein. The stereospecific assignments of the pro-R- and pro-S-methyl groups
for Leu and Val were subsequently obtained from a CHD2-detected CT-[
1H  13C]-
HSQC spectrum (see Figure 3.5), recorded on a sample prepared using 10% U-
[1H,13C]-D-glucose and 90% unlabeled glucose as precursors (Neri et al., 1989).
Thus, a highly complete sequence-specific and stereospecific assignment was ob-
tained for the methyl groups in FepB. This result is summarized in Table 3.2, and a
complete table with side chain 13C and 1H assignments for the methyl-containing







































Figure 3.5. Region of the CHD2-
detected CT-[1H  13C]-HSQC
spectrum containing Leu
and Val cross-peaks showing
some of the stereospecific
assignments. pro-R-methyl
groups (Leu-d2 and Val-g2) are
shown in blue and have the
same sign as the e-methyl group
of Met.
Table 3.2. Overview of the Assignments for Methyl Groups in the 34 kDa Protein
FepBa
Ala Thr Leu Val Ile Met Total
occurrence 41 19 37 11 18 3 129
C a/C b assigned in backbone 41 18 34 10 15 3 121
Cmethyl assigned in TOCSY 37 19 28b,c 11b,c 15b –d 110
assigned percentage 90% 100% 76% 100% 83% – 85%
assigned percentagee 90% 100% 82% 100% 100% – 91%
a Assignments were obtained from data recorded at 25 C using a 600 MHz
spectrometer on a sample grown on 15NH4Cl, and U-[
1H,13C]-D-glucose in
100% D2O. b Both methyl groups are assigned. c Methyl groups are
stereospecifically assigned. d For the e-methyl group the diagonal peak is
observed, but no cross-peaks. e Percentage of possible assignments (also assigned
in backbone experiments).
amino acids Ala, Thr, Val, Ile, and Leu of FepB can be found in the Appendix (see
Chapter 2, Table A2.3). It should be noted that the numbers of assigned methyl
groups in row 4 of Table 3.2 are lower limits because not all methyl-containing
amino acids were observed in the backbone experiments. When taking this into
account (Table 3.2, row 5), the assignment percentages increase significantly. For
example, in the case of Ile, all signals are observed in our TOCSY experiment
and the methyl group assignments will be 100% complete once these residues can
be assigned from the backbone experiments. For both Val and Thr, one residue
could not be observed in the backbone experiments. The missing Val and Thr
residues could be assigned from the remaining correlations in the methyl TOCSY
experiment after assignment of the other methyl groups. For four Ala residues the
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13C a/13C b combinations are degenerate, thereby precluding the residue-specific
assignment of the methyl groups. This degeneracy may be lifted by recording
additional experiments (see below).
Although almost all of the Leu residues show cross-peaks in a CHD2-detected
CT-[1 13C]-HSQC spectrum, we found that some of the methyl groups were
difficult or impossible to assign due to low sensitivity or lack of 13C a/13C b cross-
peaks. This is reflected in the lowest assignment percentage obtained for this
residue type (Table 3.2). Part of the explanation lies in the fact that, for Leu
residues, the difference between the resonance frequencies of the 13C d and 13Cg
spins is comparable to the J coupling (strong coupling regime), which will partly
convert the initial magnetization into unobservable terms during the CT period,
thereby decreasing the signal intensity. Recording the experiment at higher B0 field
and/or the use of a cryogenically cooled probehead might alleviate this problem
by increasing the overall sensitivity as well as slightly lifting the strong coupling
regime.
Degeneracy in the 13C a/13C b frequencies will become a limiting factor for the
number of assignments possible from TOCSY-based experiments for larger single-
chain proteins (>400 residues), in particular for Ala and Leu, as was shown by
Yang et al. (2004). On the basis of the statistics they presented, we calculated
how many methyl groups can be assigned using glucose labeling in D2O, and this
analysis can be found in the Appendix. In short, assignment levels of more than
80% of the methyl groups are expected for proteins of 30–40 kDa, whereas about
60% of the methyl groups have a unique combination of 13C a/13C b frequencies
in an 80 kDa protein. Of note, I(d1)LV labeling generates proteins in which about
60% of the methyl groups are isotopically enriched. The additional incorporation
of Ile(g2), Thr, and Ala methyl groups using protonated glucose compensates for
the lower assignment success for large proteins. A larger number of assignments
may still be possible, however, by correlating the methyl and 13C
0
frequencies as
well (Guo & Tugarinov, 2009). In that case, additional experiments will need to
be performed, since measurement of the 13C
0
chemical shift is not included in our
TOCSY experiment. To test whether our approach is applicable to higher molecular
weight systems, we repeated the experiment at 5 C to mimic a system with a
correlation time of 40 ns, and under these conditions the sensitivity decreased
by only 30%. This suggests that the sensitivity of the experiment is adequate for
larger proteins as well, but that the completeness of the assignment will depend on
the complexity of the system.
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3.4.3 Applications Using the Assignment of the Methyl Groups
Sequence-specific assignments are a prerequisite for protein NMR spectroscopy.
Having established the identity of most methyl 13C and 1H resonance frequencies,
several experiments can be performed. We include here two applications to the
protein FepB, a periplasmic binding protein involved in the ferric iron uptake of
Gram-negative bacteria (Krewulak & Vogel, 2008). We investigated the effect of
siderophore binding to the apo-protein by methyl group chemical shift mapping,
recording a high-resolution CHD2-detected CT-[
1H  13C]-HSQC spectrum in the


























































Figure 3.6. Chemical shift mapping of the ligand binding site. Panel A shows
the chemical shift changes (minimal distance approach) upon ligand binding,
panels B and C show insets of the CHD2-detected CT-[
1H  13C]-HSQC spectra
of apo- (red) and holo- (blue) FepB.
The chemical shift difference for every methyl group was calculated according to
the formula Dd (ppm) = [Dd2H + (DdC/Rscale)
2]1/2, where Rscale = 5.4 was deter-
mined according to Mulder et al. (1999). Since methyl group assignments in the
ligand-bound form of the protein are not yet available, we have used a “minimal
distance approach”, where peaks for holo-FepB were provisionally assigned the
identity of the nearest correlation for apo-FepB. From Figure 3.6 it is clear that
the binding of enterobactin significantly affects FepB. This conclusion is supported
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by extensive backbone amide chemical shift changes observed in the [1H  15N]-
TROSY-HSQC spectrum (data not shown). The first 50 residues seem to be
unaffected by ligand binding, and whereas the region 50–90 shows the strongest
perturbation for the N-terminal domain, most changes occur in the C-terminal part
of the protein. A detailed analysis of the ligand-binding interface and structural
differences between apo- and holo-FepB is currently pursued in our laboratories.
Figure 3.7. Representative curves
for deuterium (circles, T1;
squares, T2) and carbon (T1r)
relaxation of methyl groups
A232-C b (A, B) and I242-Cg2
(C, D) of E. coli apo-FepB.
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As a second example, we describe the application of nuclear spin relaxation ex-
periments to study methyl group dynamics. Samples produced on protonated
U-[1H,13C]-D-glucose in 100% D2O are ideally suited for this purpose, since
13CHD2 and
13CH2D isotopomers are present in significant proportions within the
same sample (see Table 3.1). For example, carbon relaxation studies are preferably
performed on the 13CHD2 isotopomer (Ishima et al., 1999a; Brath et al., 2006), while
the 13CH2D isotopomer is favorable for measuring
2H relaxation (Muhandiram
et al., 1995). The results of deuterium and carbon relaxation experiments for
FepB are illustrated in Figure 3.7. In panels A and C the fast (picosecond to
nanosecond) side chain dynamics are characterized by deuterium relaxation on
13CH2D, for A232-C
b and I242-Cg2, respectively. The relaxation parameters can
be extracted by fitting a mono-exponential decay curve to the data points, and the
T1 and T2 values were determined to be 47.9 and 13.1 ms (A232-C b) and 30.0 and
11.9 ms (I242-Cg2). Furthermore, the presence of slow side chain dynamics for
the same residues was assessed by 13C T1r relaxation, measured on the 13CHD2
isotopomer, as shown in panels B and D. The flat dispersion profiles, R2 versus
weff, indicate that no dynamical processes can be detected for these residues on the
microsecond to millisecond time scale. Although the above examples substantiate
the usefulness of these samples and the obtained assignments, a detailed analysis
NMR Spectroscopy of Methyl Groups in Large Proteins 83
of the methyl group dynamics in this biological system is outside the scope of this
paper, especially since no three-dimensional structure is currently available.
Finally, it is worth noting that 3 JCC coupling constants (Bax et al., 1992) and methyl
RDCs (Sibille et al., 2002) can be recorded on partially deuterated samples to obtain
angular restraints for the side chains in large molecular weight systems, where
other structural information is scarce or absent.
In summary, we have described how a suitable isotope-labeling strategy, together
with a new 3D doubly sensitivity-enhanced C-TOCSY-CHD2 experiment, can be
used to obtain highly complete assignments for methyl-containing amino acids in
large proteins. Our results show that very nearly complete methyl group assign-
ments can be obtained for single-chain proteins consisting of 300 residues. It is
anticipated that the proposed methodology can be extended to bigger systems to
facilitate cost-effective and comprehensive studies of protein structure, dynamics,
and interactions for many large, single-chain proteins, oligomeric proteins, protein
complexes, and solubilized membrane proteins.
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3.6 Appendix
CHD2-Detected CT-[1H  13C]-HSQC Experiment. The experimental

































Figure A3.1. Pulse sequence for the CHD2-detected CT-[
1H  13C]-HSQC
experiment.
Narrow (wide) filled bars indicate 90 (180) RF pulses applied along the x-axis,
unless otherwise indicated. The 1H carrier is centered at the water resonance (4.75
ppm) and proton pulses are applied with a field strength of w1/2p = 36.8 kHz.
During the recycle delay weak (w1/2p = 30 Hz) continuous-wave (CW) irradiation
was used to saturate the solvent water resonance.
Rectangular 13C pulses are centered at 20 ppm and applied with w1/2p = 21.4 kHz.
The filled, shaped carbon pulse in the middle of the CT period has a REBURP
profile (Geen & Freeman, 1991) and is frequency-shifted to 40 ppm, with a peak
RF field strength of w1/2p = 19.0 kHz and a pulse length of 350 ms, so as to cover
all aliphatic carbon spins (bandwidth 67 ppm). The other open, shaped carbon
pulses have a REBURP profile (w1/2p = 6.6 kHz, 1.0 ms duration) and thereby
refocus only the methyl resonances (bandwidth 24 ppm).
13C Decoupling during acquisition is done using GARP-1 (Shaka et al., 1985), with
w1/2p = 2.5 kHz. Proton and deuterium decoupling are achieved by WALTZ-16
(Shaka et al., 1983), using w1/2p = 7.0 and 0.7 kHz and the carrier positions at 4.75
ppm.
Values of the delays are t = 1.98ms, CT = 28.0ms, e = 0.8ms and d1 = 1.0 s. Gradient
strengths in G/cm (length in ms) are g1 = 5.0 (0.5), g2 = 3.0 (0.3), g3 = 15.0 (1.0) and
g4 = 6.0 (0.3), g5 = 27.3 (1.0), g6 = 27.0 (0.25). The phase cycling is f1 = [x,–x], f2 =
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[x,x,–x,–x], f3 = [x] and frec = [x,–x]. Quadrature detection in F1 is obtained using
a gradient enhancement scheme (Kay et al., 1992b): the echo and anti-echo signals
are collected separately by inverting the sign of g5 together with inversion of f3.
Isotope Effects. The frequency of Ala-13C b observed in the TOCSY-experiment
is 0.3 ppm higher than the value obtained from the backbone experiments, as
a result of the deuterium isotope shift, since the 13CD3 frequency is measured
in the backbone experiments, whereas the 13CHD2 isotopomer is selected in this
experiment. Furthermore there is a slight (0.15 ppm) difference between the
13C b frequency of Thr measured in the backbone experiments and our TOCSY-
experiment. The origin of this discrepancy is unclear, but may be related to two-
bond isotope effects from the Thr-g2 methyl group. In the TOCSY-experiment we
select for the 13CHD2 isotopomer and measure, therefore, only the frequency of
the 13C b nucleus next to this isotopomer. However, as can be seen in Table 3.1
in the main text, there is also a significant fraction of 13CD3 present and the
13C b
frequency in the backbone experiment will be a convolution of isotope effects due
to the different isotopomers.
Analysis of the Assignment Ambiguity Due to Degeneracy of 13C a
/ 13C b Frequencies for Larger Systems. Degeneracy of 13C a/13C b fre-
quencies will become a limiting factor for the number of assignments possible from
TOCSY-based experiments for larger single-chain proteins. To illustrate this point
we reproduce here a table from the Supporting Information of the paper by Yang
et al. (2004). This table gives the fractions of methyl-containing residues for which
the difference between the 13C a or 13C b chemical shifts in a residue is at least 0.3
ppm.
Table A3.1. Analysis of the Assignment Ambiguity Due to Degeneracy of
13C a/13C b Frequencies for Larger Systems and Comparison of Our Method
with the I(d1)LV Labeling
Protein # res. Ala Ile Leu Thr Val I(d1)LV labelinga assignment successb
ACPS 119 8/8 9/11 6/9 5/5 7/7 43 (64%) 57 (85%)
CBM28 204 16/20 8/8 12/14 7/12 12/12 60 (60%) 87 (82%)
DFPase 316 19/19 21/21 11/14 15/18 20/20 89 (61%) 138 (94%)
MBP 370 21/43 17/21 24/30 16/20 14/19 119 (59%) 147 (72%)
MSG 731 28/71 37/42 36/68 22/29 30/46 270 (66%) 256 (62%)
a Total number of methyl groups available with I(d1)LV labeling. b Total number of assignable methyl groups using
our approach taking into account the degeneracy in 13C a/13C b frequencies.
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This table can be used as a predictor of the expected success rate for the methyl
assignment of larger proteins, using our labeling scheme and NMR experiment.
It can be seen that, using a conservative estimate of 0.3 ppm separation between
peak maxima, we would be able to assign 57 (85%), 87 (82%), 138 (94%), 147
(72%), and 256 (62%) of the methyl groups for the proteins ACPS, CBM28, DFPase,
MBP, and MSG, respectively (for their size, see Table A3.1). In our experience, the
resolution of the 13C dimension is quite a bit better than 0.3 ppm, indicating that
these numbers may be considered as lower estimates of the true level of assignment
that can be obtained. The completeness levels given above are to be contrasted
with the number of methyl groups that are available (i.e., labeled) using I(d1)LV
labeling. For the five proteins considered here these numbers are 43 (64%), 60
(60%), 89 (61%), 119 (59%), and 270 (66%). This means that, even with a 100%
assignment success rate only about 60% of the methyl groups can be identified
for such samples. This fact has spurred the development of alternative labeling
schemes and NMR experiments for the remaining methyl-bearing amino acids.
Thus, with the additional labeling of Ala, Thr, and Ile(g2), provided by the use
of protonated U-[1H,13C]-D-glucose in D2O that we describe, we would expect
to be able to assign 72–94% methyl groups in proteins of 20–40 kDa molecular
mass, compared with I(d1)LV labeling, and still as many as 60% in a protein of 80
kDa size, like MSG. This level of completeness would be at par with that possible
using the I(d1)LV labeling methodology, and associated NMR pulse schemes. In
addition, high molecular weight systems of lower complexity, such as oligomeric
proteins, present in multiple copies in a symmetric arrangement, are amenable to
the presented technique. As a further example, alternatively labeled aggregate
species can be studied by our experiment, such as protein-nucleic acid complexes,
and solubilized membrane proteins. The data recorded at lower temperature
would emulate the increased mass of such systems, while presenting little spectral
congestion. We believe that the above examples suggest a wide field of application
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4.1 Abstract
To study microsecond processes by relaxation dispersion NMR spectroscopy, low
power deposition and short pulses are crucial and encourage the development
of experiments that employ 1H Carr–Purcell–Meiboom–Gill (CPMG) pulse trains.
Herein, a method is described for the comprehensive study of microsecond to
millisecond time scale dynamics of methyl groups in proteins, exploiting their high
abundance and favorable relaxation properties. In our approach, protein samples
are produced using U-[1H,13C]-D-glucose in 100% D2O, which yields 13CHD2
methyl groups for alanine, valine, threonine, isoleucine, leucine, and methionine
residues with high abundance, in an otherwise largely deuterated background.
Methyl groups in such samples can be sequence-specifically assigned to near
completion, using 13C TOCSY NMR spectroscopy, as was recently demonstrated
(Otten, R.; et al. J. Am. Chem. Soc. 2010, 132, 2952–2960; see Chapter 3).
In this Chapter, NMR pulse schemes are presented to measure 1HCPMG relaxation
dispersion profiles for 13CHD2 methyl groups, in a vein similar to that of backbone
relaxation experiments. Because of the high deuteration level of methyl-bearing
side chains, artifacts arising from proton scalar coupling during the CPMG pulse
train are negligible, with the exception of Ile-d1 and Thr-g2 methyl groups, and
a pulse scheme is described to remove the artifacts for those residues. Strong
13C scalar coupling effects, observed for several leucine residues, are removed by
alternative biochemical and NMR approaches.
The methodology is applied to the transcriptional activator NtrCr, for which an
inactive/active state transition was previously measured and the motions in the
microsecond time range were estimated through a combination of backbone 15N
CPMG dispersion NMR spectroscopy and a collection of experiments to deter-
mine the exchange-free component to the transverse relaxation rate. Exchange
contributions to the 1H line width were detected for 21 methyl groups, and these
probes were found to collectively report on a local structural rearrangement around
the phosphorylation site, with a rate constant of (15.5  0.5)  103 per second
(i.e., tex = 64.7  1.9 ms). The affected methyl groups indicate that, already
before phosphorylation, a substantial, transient rearrangement takes place between
helices 3 and 4 and strands 4 and 5. This conformational equilibrium allows
the protein to gain access to the active, signaling state in the absence of covalent
modification through a shift in a pre-existing dynamic equilibrium. Moreover,
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the conformational switching maps exactly to the regions that differ between the
solution NMR structures of the fully inactive and active states.
These results demonstrate that a cost-effective and quantitative study of protein
methyl group dynamics by 1H CPMG relaxation dispersion NMR spectroscopy is
possible and can be applied to study functional motions on the microsecond time
scale that cannot be accessed by backbone 15N relaxation dispersion NMR. The
use of methyl groups as dynamics probes extends such applications also to larger
proteins.
4.2 Introduction
To understand the function of a biological macromolecule, it is of critical im-
portance to complement a high-resolution three-dimensional structure with a de-
tailed insight into its molecular dynamics (Kay, 1998; Ishima & Torchia, 2000).
For a growing number of systems, it has been found that slow (microsecond
to millisecond), collective motions can be rate limiting for biological function.
Nuclear magnetic resonance (NMR) spectroscopy is an ideal technique for studying
dynamical processes on this time scale, being capable of providing such infor-
mation for many different nuclei with atomic resolution (Palmer & Massi, 2006;
Mittermaier & Kay, 2006, 2009). Specifically, microsecond–millisecond dynamics
can be studied through NMR relaxation dispersion experiments, and applications
to protein folding (Hill et al., 2000; Tollinger et al., 2001; Korzhnev et al., 2004c;
Zeeb & Balbach, 2005; Sugase et al., 2007), ligand binding (Mulder et al., 2001a;
Sugase et al., 2007), enzyme catalysis (Eisenmesser et al., 2002; Wolf-Watz et al.,
2004; Eisenmesser et al., 2005; Boehr et al., 2006; Vallurupalli & Kay, 2006; Watt
et al., 2007; Henzler-Wildman & Kern, 2007), and allosteric regulation (Popovych
et al., 2006) have appeared.
Relaxation dispersion NMR spectroscopy investigates the influence of slow (ms–
ms) stochastic processes on the nuclear spin relaxation. For a molecule undergoing





relaxation dispersion experiments yield information on (i) the exchange rate, kex =
1/tex = kAB+ kBA, (ii) the populations of the exchanging states, pA and pB, and (iii)
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the absolute difference between the chemical shifts of state A and B, jDwj (Palmer
et al., 2001, 2005).
While the basic building block of these experiments, the spin–echo, dates back to
the 1950s (Hahn, 1950), Carr–Purcell–Meiboom–Gill (CPMG) (Carr & Purcell, 1954;
Meiboom & Gill, 1958) relaxation dispersion spectroscopy has emerged over the
past decades as a powerful tool to study motions on millisecond to second time
scales in proteins, through combined advances in biochemical labeling techniques
and NMR pulse scheme developments (see, for example, Lundstro¨m et al. (2009c)
and references therein). In particular, for 13C CPMG experiments, it has been vital
to prepareNMR samples with isolated 13Cprobes to remove artifacts in CPMGdata
sets due to the large one-bond and nonvanishing long-range homonuclear scalar
coupling constants (Allerhand, 1966; Lee et al., 1997; Mulder et al., 2002). As a
result, a host of experiments are now available that exploit protein backbone nuclei
(15N, 1HN, 1H a, 13C a, and 13C
0
) (Ishima et al., 1998; Loria et al., 1999; Hill et al.,
2000; Tollinger et al., 2001; Ishima& Torchia, 2003; Ishima et al., 2004; Orekhov et al.,
2004; Korzhnev et al., 2004b; Hansen et al., 2008a,b; Lundstro¨m et al., 2008, 2009a;
Vallurupalli et al., 2009) as well as side chain nuclei (e.g., 13C b, 15NH2,
13Cmethyl,
and 1Hmethyl) (Mulder et al., 2001b; Skrynnikov et al., 2001; Mulder et al., 2002;
Korzhnev et al., 2004a; Tugarinov &Kay, 2007; Lundstro¨m et al., 2009b) as reporters
of the exchange process.
Most CPMG experiments to date aim at obtaining X-spin relaxation dispersion pro-
files for 1H X spin systems in proteins, where X = 15N or 13C. These experiments
have been employed to characterize exchange processes on the millisecond time
scale, using maximum pulse repetition rates on the order of 1 kHz. This limitation
is primarily a consequence of significant heating of the NMR sample at high duty
cycles, as a result of dielectric losses, but hardware issues (e.g., power handling of
the amplifiers and probehead and detuning of the RF circuit) also play a role.
The experimental constraints are less stringent if 1H is used as nucleus to record
the CPMG relaxation dispersion profiles, because sample heating at a certain duty
cycle is much lower in that case (Wang & Bax, 1993). The ability to use a wide range
of effective CPMG field strengths makes it possible to accurately address faster
processes (down to 10 ms) by sampling the spectral density curve over a wider
range. It is also vital for the detection of multiple exchange processes occurring
on different time scales. In addition, 1H CPMG experiments have several other
advantages. First, the 180 refocusing pulses in the 1H CPMG element are signif-
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icantly shorter than those used for 13C/15N, which reduces off-resonance effects
(Ross et al., 1997) as well as artifacts arising due to evolution during 180 pulses
(Myint & Ishima, 2009). Furthermore, the chemical shift perturbations measured
by methyl 1H CPMG relaxation dispersion experiments are complementary to
those reported by backbone 13C and 15Nmeasurements, because 1H chemical shifts
are extremely sensitive reporters of local tertiary, rather than secondary structure
(Mulder & Filatov, 2010).
Despite the above-mentioned advantages, the development of 1HCPMG relaxation
dispersion experiments has been comparatively limited, mainly due to difficulties
in adequately suppressing homonuclear scalar couplings (Allerhand, 1966; Ishima
& Torchia, 2003; Korzhnev et al., 2005) and 1H  1H dipolar cross relaxation (Vold
& Chan, 1972; Ishima et al., 1999b). Meanwhile, some methods have emerged that
use protons in the backbone as probes of protein dynamics. More specifically, 1H
CPMG relaxation dispersion experiments have been described for amide (Ishima &
Torchia, 2003; Orekhov et al., 2004; Korzhnev et al., 2004b) and alpha (Lundstro¨m
et al., 2009a; Vallurupalli et al., 2009) proton nuclei using (per-)deuterated NMR
samples and an appropriate pulse scheme.
It would be of great interest to extend the 1H CPMG relaxation dispersion method-
ology to side chain atoms, and methyl groups in particular. Not only are these
moieties abundant in proteins, thereby supplying a lot of potential probes to
measure dynamics, they are also often located at interesting positions (e.g., in the
hydrophobic core and at the interface of complexes) (Janin et al., 1988) and possess
favorable NMR properties. The rapid 3-fold jumps about the methyl symmetry axis
scales the 13C relaxation rate (Kay et al., 1992a) by 1/9, and the fact that the TROSY
principle (Pervushin et al., 1997) can be employed (Tugarinov et al., 2003, 2004;
Ollerenshaw et al., 2005) assures that narrow NMR resonances are observed, even
in the case of high molecular weight systems. In addition, high-quality data can
be recorded over a large temperature interval, which is important for determining
the thermodynamic parameters of the exchange process. Temperature-dependent
studies using 1HN or 15NCPMG relaxation dispersion measurements are seriously
hampered by spin decorrelation effects (e.g., exchange with the solvent), leading to
loss of signal in [1H  15N]-(TROSY-)HSQC experiments. Because methyl protons
are nonlabile, they are not affected by this phenomenon, such that high-quality
1H  13C correlation maps can also be recorded at elevated temperature and pH.
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Here, we describe an approach to record 1H CPMG relaxation dispersion data on
methyl groups, selecting for the 13CHD2 isotopomer. The production of protein
samples by bacterial expression using U-[1H,13C]-D-glucose and 100% D2O en-
sures the isotopic enrichment of all possible methyl groups together with high
deuteration levels in the side chain (Rosen et al., 1996; Shekhtman et al., 2002;
Otten et al., 2010). Because residual protonation at positions adjacent to the methyl
group in the side chain will defeat our strategy, we first validated the proposed
methodology on calbindin D9k, which has been studied in great detail using NMR
spectroscopy and where slow motions are absent (Ko¨rdel et al., 1992; Akke et al.,
1993; Mulder & Akke, 2003; Paquin et al., 2008). We are able to demonstrate
that 1H CPMG relaxation dispersion profiles can be faithfully acquired using a
standard CPMG pulse scheme for Ala, Val-g1/g2, Leu-d1/d2, Ile-g2, and Met
methyl groups, because of the high deuteration level (90–95%) in these amino acid
side chains. Spurious dispersion profiles were observed in a few cases, and resulted
either from significant protonation on neighboring carbon atoms (Ile-d1 and Thr
methyl groups) or from strong 13C scalar coupling effects (Leu). A straightforward
modification of the experiment is presented to remove artificial dispersion profiles
originating from residual protonation, and solutions are described that resolve
strong 13C scalar coupling artifacts, by using a biochemical or NMR approach.
The approach we have taken differs in an important way from alternative methods
to measure slow (ms–ms) motions in proteins by 1H relaxation dispersion NMR, as
the previously described methods rely on the use of specifically methyl-protonated
precursors on a fully deuterated background (Tugarinov & Kay, 2007; Baldwin
et al., 2010). Although this is key for truly high (>100 kDa) molecular weight
systems, specific labeling considerably limits the number of available probes. De-
pending on the type of precursor, samples labeled with I(d1)LV (Gardner & Kay,
1997; Goto et al., 1999), Ala (Isaacson et al., 2007; Ayala et al., 2009), or Met (Gelis
et al., 2007) contain approximately 60%, 17%, or 3% of methyl groups in proteins,
respectively.
The utility of our approach is illustrated with an application to the N-terminal
receiver domain of the Nitrogen Regulatory Protein C (NtrCr) (Nohaile et al.,
1997; Kern et al., 1999; Volkman et al., 2001; Gardino & Kern, 2007; Gardino et al.,
2009). NtrC is a transcriptional activator, and the switch from an inactive to
active conformation, triggered by phosphorylation of residue D54 in theN-terminal
domain (NtrCr), is accompanied by a considerable structural change. The proposed
mechanism for the activation is a shift in the pre-existing equilibrium between
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inactive and active conformations. In a previous 15N relaxation dispersion study,
the time scale for this process could only be approximated from the discrepancy
of line broadening in the slow pulsing regime and the exchange-free line width
obtained from separate experiments (Gardino & Kern, 2007). Application of 1H
CPMG relaxation dispersion NMR to 13CHD2 methyl groups shows that 21 probes
exhibit an exchange contribution. All relaxation data could be collectively fitted
to a single, cooperative process (kex = (15.5  0.5)  103). 1H NMR extends
the application of CPMG methodology to study microsecond time scale exchange
processes, which is crucial to adequately map the chemical exchange spectral
density function.
4.3 Materials and Methods
4.3.1 Sample Preparation
The heat- and IPTG-inducible pRCB1 expression vector, containing the P43G mu-
tation, was used to obtain the coding sequence for calbindin D9k by PCR using
5’-ggctcATGAAATCTCCGGAAGAACTG and 5’-cgctcatatggaTTTCTGGCAGGG
(uppercase, annealing sequence; lowercase, primer overhang) as the forward and
reverse primers, respectively. The PCR product was purified from agarose gel, cut
with PagI/NdeI and ligated into theNcoI/NdeI digested pET-15b vector (Novagen).
The resulting pET15b–calbindinP43G expression vector (IPTG-inducible, no His-
tag) was sequenced (Service XS, Leiden, The Netherlands) and confirmed to be
correct.
Escherichia coli BL21(DE3) was used to express recombinant calbindin D9k. For
the induction of protein synthesis, cells were grown at 37 C in M9 minimal
medium with 100 mg/mL ampicillin to an OD600  0.6 and incubated for 3 h
at the same temperature in the presence of 1 mM isopropyl b-D-thiogalactoside
(IPTG). To purify calbindin D9k, cell pellets were resuspended in a buffer con-
taining 20 mM Tris-HCl, pH 8.0 (buffer A) with 10 mg/mL DNAse I and 0.5 mM
phenylmethanesulfonyl fluoride (PMSF) added. After French press, the cell lysate
was added to twice the volume of boiling buffer A, and under vigorous stirring
it was heated until the temperature reached 95 C. After quickly cooling the
sample on ice-water slurry the precipitated proteins and cell debris were removed
by centrifugation. The supernatant was loaded onto a Q-Sepharose column (GE
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Healthcare) pre-equilibrated with buffer A. After extensive washing with buffer
A, calbindin D9k was eluted using a salt gradient of NaCl (0–200 mM). Fractions
containing calbindin D9k were pooled, dialyzed extensively against water, and the
homogeneity was confirmed by 15% SDS-PAGE.
A U-[13C,15N]-1H/2H sample of calbindin D9k was obtained using the general
isotope labeling strategy outlined by Tugarinov et al. (2006). Briefly, pET15b–
calbindinP43G was transformed into E. coli BL21(DE3) and was grown in 200 mL
of D2O M9 medium containing 2 g/L U-[
1H,13C]-D-glucose (Cambridge Isotope
Laboratories) and 1 g/L 15NH4Cl (Cambridge Isotope Laboratories) as the sole
carbon and nitrogen sources, respectively. The calbindin D9k (P43G) NMR sample
contained 1 mM protein, pH 6.0 (93% H2O and 7% D2O) and was fully calcium-
loaded.
NtrCr was prepared and purified as described previously (Nohaile et al., 1997),
except that in this case [U-1H,1-13C]-D-glucose was used as the sole carbon source
and bacterial growth was performed in 100% D2O. The NtrCr NMR sample
contained 0.75 mM protein and 50 mM sodium phosphate, 0.02% azide, pH 6.75
(90% H2O and 10% D2O).
4.3.2 NMR Spectroscopy
NMR experiments were performed on Varian Unity Inova spectrometers operating
at 600 and 800 MHz, equipped with a triple-resonance room temperature (600
MHz) or a cryogenically cooled (800 MHz) probehead.
Relaxation dispersion experiments on calbindin D9k were recorded at 28 C on a 600
MHz spectrometer with the experimental schemes A and B (Figure 4.1) as a series
of 25 2D data sets with TCP set to 80ms and the constant-time (CT) carbon evolution
period equal to 28 ms. The CPMG field strengths, nCPMG (nCPMG = 1/(4tc),
where 2tc is the interval between the 180 proton pulses during the CPMG element
(Mulder et al., 2001b)), were equal to 25, 50, 75, 100, 200, 325, 400, 500, 600, 800, 1000,
1200, 1400, 1600, 1800, 2150, 2200, 2300, and 2500 Hz with duplicate experiments
recorded at 100, 400, 800, and 1600 Hz. For the experiment performed using
scheme C (Figure 4.1), a series of 23 2D data sets was recorded with CPMG field
strengths, nCPMG, equal to 25, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600,
675, 750, 800, 900, 950, and 1000 Hz with duplicate experiments recorded at 100,
200, 400, 800, and 1000 Hz. The 13C CW decoupling field was centered at 25 ppm
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and had a field strength, w1/2p, varying between 1.2 and 2.1 kHz, following the
procedure described by Vallurupalli et al. (2007). The 13C B1 field was calibrated
using the method described by Mulder & Akke (2003) from data recorded on the
same protein sample. The reference experiment was performed by omitting the
CPMG block in the pulse scheme and repeated two and four times for schemes
A/B and C, respectively. The CHD2-detected
1HCPMG experiments were acquired
with 111 (13C) x 512 (1H) complex points, with maximum evolution times equal to
27.75 (13C) x 64 (1H) ms. An interscan delay of 1.5 s was used with four scans per
transient, giving rise to a net acquisition time of 25 min per 2D spectrum.
Relaxation dispersion experiments on NtrCr were recorded at 25 C with experi-
mental scheme D (Figure 4.1) at two static magnetic fields, as a series of 55 (600
MHz) and 46 (800 MHz) 2D data sets, respectively, with TCP set to 40 ms and
the constant-time (CT) carbon evolution period equal to 28 ms. The CPMG field
strengths, nCPMG, varied between 50 and 6000 Hz and included 18 (600 MHz) and
15 (800 MHz) duplicate points (see the Appendix for details, Table A4.1). The
reference experiment was performed by omitting the CPMG block in the pulse
scheme and was repeated four (600 MHz) or two (800 MHz) times. The CHD2-
detected 1H CPMG experiments were acquired with 111 (13C) x 512 (1H) complex
points and maximum evolution times equal to 27.75 (13C) x 64 (1H) ms (600 MHz)
or 140 (13C) x 640 (1H) complex points and maximum evolution times equal to 28
(13C) x 64 (1H) ms (800 MHz). An interscan delay of 1.5 s was used with 12 (600
MHz) or 4 (800 MHz) scans per transient, giving rise to a net acquisition time of
1.25 h (600 MHz) or 31.5 min (800 MHz) per 2D spectrum.
The heating of the protein sample due to the CPMG block in the pulse scheme was
determined by comparison of the 1H chemical shifts (Hartel et al., 1982; Orbons
et al., 1987) between an experiment with and without the CPMG scheme and
found to be 0.4 and 1.0 C for calbindin D9k and NtrCr, respectively. The setting
of the variable temperature (VT) unit was adjusted such that the “real” sample
temperature was 28 C for calbindin D9k and 25 C for NtrCr. To ensure that the
sample heating remains constant for each of the different experimental schemes
and for different values of nCPMG, a period TCP was added at the beginning of
the interscan delay, d1, such that the total number of 180 proton pulses was
maintained.
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4.3.3 Pulse Sequence
The experimental schemes for the sensitivity-enhanced 1H-CPMG-CHD2 experi-
ment are shown in Figure 4.1. The core of the experiment is a CT-[1H  13C]-HSQC
pulse sequence to detect only the 13CHD2 isotopomer as described earlier (Otten
et al., 2010). The CPMG part is implemented during the first INEPT period as a
variable pulse spacing (Carr & Purcell, 1954; Meiboom & Gill, 1958), constant-time
(CT) CPMG element (Mulder et al., 2001b), either as relaxation-compensated vari-
ant (Loria et al., 1999) (rcCPMG; Figure 4.1, scheme A) or applied to the in-phase
magnetization with 13C continuous-wave (CW) decoupling (cwCPMG; Figure 4.1,
scheme B). Schemes C and D can be used to substitute for the conventional CT
carbon evolution period. The individual schemes and their benefit for different
experimental conditions and isotopically labeled protein samples are described in
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Figure 4.1. Experimental schemes used tomeasure 1H relaxation dispersion profiles
of CHD2 methyl groups.
Narrow (wide) filled bars indicate 90 (180) RF pulses applied along the x-axis,
unless otherwise indicated. The proton pulse train for heat-compensation at the
beginning of the sequence (not shown in Figure 4.1) is performed 200 kHz off-
resonance, and the 1H carrier is moved to the water resonance (4.75 ppm) for weak
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(w1/2p = 30 Hz) continuous-wave (CW) irradiation to saturate the solvent water
resonance for the remainder of the d1 period. During the rest of the experiment,
the 1H carrier is centered in the middle of the methyl region (0.75 ppm), and
proton pulses are applied with a field strength of w1/2p = 36.8 kHz. Rectangular
13C pulses are centered at 20 ppm and applied with w1/2p = 21.4 kHz. The
shaped carbon pulses (open domes) have a REBURP profile (Geen & Freeman,
1991) applied on resonance, with a peak RF field strength of w1/2p = 6.6 kHz
and a pulse length of 1.0 ms (at 600 MHz), and thereby refocus only the methyl
resonances (bandwidth 24 ppm). The other shaped carbon pulses (filled domes)
have a REBURP profile (w1/2p = 19.0 kHz, 350 ms duration at 600 MHz) and are
frequency shifted to 40 ppm, so as to cover all aliphatic carbon spins (bandwidth
67 ppm). The 13C CW field (scheme B) is centered at 25 ppm and applied with
a varying strength, satisfying the relationship nCW = 2  k  nCPMG (where k is an
integer number). Proton and deuterium decoupling are achieved by WALTZ-16
(Shaka et al., 1983), using w1/2p = 7.0 and 0.7 kHz and the carrier positions at 0.75
and 4.75 ppm, respectively. Flanking 90 deuterium pulses are given at the same
field strength and frequency. Values of the delays are t = 1.98 ms, TCP = constant-
time CPMG relaxation period, tc = variable timing in the CPMG element, CT = 28.0
ms, e = 0.4 ms, and d1 = 1.5 s. The gradient strengths in G/cm (length in ms) are g1
= 5.0 (0.5), g2 = 3.0 (1.0), g3 = 15.0 (1.0) and g4 = 6.0 (0.3), g5 = –27.15 (1.0), g6 = 27.0
(0.25). All gradients are applied along the z-axis. The phase cycling is f1 = [x,–x],
f2 = [x,x,–x,–x], f3 = [x], f4 = [y,–y] and frec = [x,–x,x,–x].
Quadrature detection is obtained using the gradient sensitivity enhancement scheme
(Kay et al., 1992b): the echo and anti-echo signals are collected separately by
inverting the sign of g5 together with inversion of f3. The pulse sequences and
parameter files can be obtained from the authors upon request.
4.3.4 Data Processing and Analysis
The data sets were processed with the NMRPipe/NMRDraw software package
(Delaglio et al., 1995), and peak intensities were extracted using the program
Sparky (Goddard & Kneller, 2008). The values of R2,eff were calculated for each
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where I(nCPMG) and I0 are the intensities of the cross-peaks with and without the
CPMG block, respectively, and TCP is the constant-time CPMG relaxation period.
The data analysis and error estimation in the experimental data and fitted exchange
parameters were performed as described earlier by Mulder et al. (2002). Briefly, the
uncertainty in the ratio of cross-peaks ( I(nCPMG)I0 ) was estimated from the RMSD in
the intensities of the duplicate measurements according to the definition of pooled
relative standard deviation, sr =
q
å (DI/Iavg)2/2N (Mulder et al., 2002; Demers
& Mittermaier, 2009).
The exchange parameters can be obtained from fitting the relaxation dispersion
profiles (R2,eff as a function of nCPMG) to approximate analytical expressions for
chemical exchange (see below) or by numerically solving the Bloch–McConnell
equations (McConnell, 1958). The dispersion profiles for NtrCr obtained at two
B0 fields were fitted together to three different models assuming (i) no exchange,
(ii) a two-site fast-exchange process (Luz & Meiboom, 1963), and (iii) a general
two-site exchange process (described by Carver & Richards (1972) and Jen (1978);
CRJ equation, see equation 3 of Millet et al. (2000)). In model 1, the experimental
data points are fitted to flat lines with R2,eff (nCPMG ! ¥) at each B0 field as
adjustable parameters. In the second model, there are two additional parameters,
Fex = pApBdw2 and tex, included to describe the experimental data. In the
case where the exchange is not fast (model 3, CRJ equation), it is often possible
to separate the product Fex into its components, and the five fitting parameters
in this case are R2,eff (nCPMG ! ¥) at the two B0 fields, pA, dw, and tex. The
increasing complexity of the functions will generally improve the fit, and, therefore,
F-statistics were used to determine whether the description by a more complicated
model was justified at the 99.9% confidence interval. The uncertainties in the fitting
parameters were determined from the covariance matrix obtained by inverting the
Hessian matrix (Press et al., 1992).
4.4 Results and Discussion
We have previously determined the isotopomer incorporation and residual proto-
nation of methyl-containing amino acids for protein samples grown on U-[1H,13C]-
D-glucose in 100% D2O (Otten et al., 2010). The desired 13CHD2 isotopomer
shows favorable incorporation levels with the lowest value around 30% for Met-
e and between 41% and 56% for all other methyl-containing amino acids. Because
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the incorporation of the 13CH3 isotopomer is very low (<8%) for all amino acids,
and signals from the 13CH2D are easily suppressed in our experiment, it is possible

































































































Figure 4.2. Two-dimensional 1H  13C spectra recorded at 600 MHz using the 1H-
CPMG-CHD2 experiment (scheme A, without the CPMG block). The complete
methyl region of calbindin D9k is shown in the left panel (blue signals have an
opposite sign and originate from CHD methylene groups), while for NtrCr an
inset of the Leu region is shown (right panel).
4.4.1 Validation of the Methodology for a System That Does Not
Display Microsecond–Millisecond Time Scale Dynamics
The underlying assumption in CPMG relaxation dispersion experiments is that, in
the absence of exchange, the obtained dispersion profiles are flat (i.e., the signal
intensity does not depend on the CPMG pulse repetition rate). In the case of
calbindin D9k previous studies have shown that there is little or no chemical
exchange present (Ko¨rdel et al., 1992; Akke et al., 1993; Mulder & Akke, 2003;
Paquin et al., 2008), and, therefore, flat curves are expected for all residues.
In Figure 4.3, representative curves are shown for Ala, Ile-g2, Met, and Val methyl
groups (recorded with scheme A, Figure 4.1) for which we indeed observe flat
“profiles”. Following Tugarinov & Kay (2007), the pairwise root-mean-square





Figure 4.3. Representative methyl
transverse 1H relaxation disper-
sion profiles for Ala, Ile-g2, Met,
and Val methyl groups recorded
at 600 MHz for calbindin D9k.








where Ri2,eff(nCPMG,i) is the effective transverse relaxation rate, k is the best fit
horizontal line to the experimental curve, and N is the number of experimental
data points. For the above-mentioned residue types in calbindin D9k, we obtain an
average RMSD of 0.20  0.04 s 1, with a maximum of 0.27 s 1.
It is, however, anticipated that methyl groups will display artifacts depending on
the protonation level of their neighboring carbon atom. We have shown earlier
that the deuteration level of neighboring carbons in the side chains ranges between
90% and 95% for Ala-a, Leu-g, Val-b, and Ile-b, but is significantly lower for Ile-
g1 and Thr-b positions (66% and 81%, respectively) (Otten et al., 2010). Of note,
because of the high level of deuteration, the occurrence of a 13CH2 methylene
group is 5% and can, therefore, be neglected. Indeed, in the case of Ile-d1 and Thr
(Figure 4.4, panels A and C), spurious dispersion profiles are observed, because the
positions adjacent to the methyl groups are protonated to a significant degree, and
1Hhomonuclear scalar couplings affect the signal intensity due toHartmann–Hahn








Figure 4.4. Representative methyl transverse 1H relaxation dispersion profiles for
Ile-d1 and Thr methyl groups for calbindin D9k recorded at 600 MHz. Panels A
and C show spurious dispersion profiles originating from homonuclear scalar
coupling; in panels B and D the source of this artifact has been removed in the
NMR experiment.
1966). These artifacts can easily be suppressed, by selecting only the magnetization
originating from methyl groups for which the neighboring carbon atom is fully
deuterated (Figure 4.1, scheme C). In this case the CT period is divided into
two parts, separated by an INEPT period to probe for attached protons at the
neighboring carbon site. At point A in the pulse sequence the density operator is
proportional to CMX and will evolve under the one-bond JCC scalar coupling during
CT/2 (= 1/(2 JCC) 14 ms) to 2CMY CZ and is equal to  2CMZ CY after the 90 carbon
pulse (point B). In the subsequent INEPT period there will be evolution due to the
one-bond JCH scalar coupling and at point C in the sequence the magnetization can
be expressed as 4CMZ CXHZ or  2CMZ CY depending if there is a proton attached or
not, respectively. Phase cycling of the 90 proton pulse with f4 (between y and
–y), not followed by the receiver, will eliminate the first term. At point C in the
sequence, where the density operator is proportional to 2CMY CZ, carbon chemical
shift evolution will take place for CT/2 (= 1/(2 JCC)) and the one-bond JCH scalar
coupling is active for a period of k = 1/(2 JCH). The density operator at point D is,
therefore, equal to  2CMY HMZ and represents a coherence originating from methyl
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groups with a fully deuterated neighboring carbon.
It is obvious from Figure 4.4 that significant artifacts arise from the protonation
at the g1-position of Ile and b-position of Thr residues, but also that these can be
purged by choosing experimental scheme C (Figure 4.1). Using this pulse scheme,
flat lines are obtained for Ile-d1 and Thr methyl groups as well (Figure 4.4, panels B
and D), with an average RMSD value of 0.22  0.03 s 1 for the two Ile-d1 and one
Thr of calbindin D9k considered here. Of note, as expected, the background R2,eff
obtained using scheme C is also lower in this case because the 1H  1H dipolar
interaction with the neighboring nuclei is removed (Ishima et al., 1998; Ishima &
Torchia, 2003). Finally, it should be noted that in scheme C 14 ms is needed
to evolve the JCC coupling, which cannot be used at the same time for chemical
shift encoding. Therefore, the resolution of the resulting 2D spectra is a factor of 2
lower than for scheme A. Although one could increase the period for chemical shift
evolution from 1/(2 JCC) to 3/(2 JCC) to obtain a higher resolution, at the cost of
signal intensity, scheme C is only advantageous for Ile-d1 and Thr methyl groups,
with the proposed labeling.
A B
Figure 4.5. Methyl transverse 1H relaxation dispersion profile, representative for
many downfield resonating Leu-d1/d2 methyl groups in the case of strong 13C
scalar coupling in the ABX spin system (see text). Panel A shows the spurious
dispersion profile obtained for L40-d1 of calbindin D9k; in panel B, the source of
this artifact has been removed in the NMR experiment.
Another type of artifact was observed for several Leu methyl groups, where
dispersion profiles showed enhanced R2,eff values at low pulsing rates, as shown
in Figure 4.5, panel A. Because the deuteration level of the Leu-g position is 92%,
it is unlikely that the spurious profiles originate from 1H homonuclear scalar
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coupling. Furthermore, if 1H  1H coupling would be the source of the spurious
profiles, then one would expect this to be similar for all Leu residues (and for both
the d1 and the d2 methyl groups), which is not the case. Moreover, the profiles
remain identical when scheme C is used to record the CPMG relaxation dispersion
experiment (see the Appendix for all profiles, Figure A4.1). One potential source of
deviation might be strong 13C scalar coupling. It is well-known that the difference
between the downfield Leu-d1/d2 and the Leu-g chemical shifts can be rather small
(25.7  1.2 versus 26.7  1.3 ppm, respectively) (Brath et al., 2006), and there
seems to be a (slight) correlation between this difference and how pronounced the
artifacts are. Indeed, “strong coupling effects during X-pulse CPMG experiments
on heteronuclear ABX spin systems” have been observed before in the case of ribose
units of RNA (Vallurupalli et al., 2007). Vallurupalli et al. (2007) showed that X-
magnetization is lost during the CPMG element in the situation where spins A
and B are strongly coupled (in our case: X = 1HM, A = Leu-13C d1/13C d2, and B
= Leu-13Cg) and demonstrated that these artifacts can be removed by recording a
CPMG relaxation experiment on in-phase proton magnetization, by applying a 13C
continuous-wave (CW) decoupling field during the CPMG element.
We implemented this approach (Figure 4.1, scheme B), and in several cases the
artifacts indeed disappeared and a flat line was obtained (Figure 4.5, panel B;
RMSD = 0.28 s 1). However, the minimal condition nCW = 2  k  nCPMG limits
the maximum nCPMG values to 2.5 kHz because the maximum attainable 13C CW
field strength for a period of 40–80 ms is around 5 kHz. In our case, the maximum
value for nCPMG was equal to 1 kHz, and the 13C CW field strength determined
according to the relationship above was between 1.2 and 2.1 kHz, and, therefore,
complete decoupling will be achieved only for signals close to the carrier position.
The offset between the 13C carrier position and L40-d1 is small (0.8 ppm), and in
such cases the strong 13C scalar coupling artifacts will be removed because even
for the lowest 13C CW field the d1-carbon is completely decoupled (Figure 4.5). We
observe that especially at lower CPMG pulse rates and depending on the offset
not all artifacts are removed and, in fact, sometimes even appear for residue types
in situations for which none are present in the rcCPMG version (see the Appendix,
Figure A4.1). Therefore, in protein applications the suppression of strong 13C scalar
coupling artifacts using the above-mentioned pulse scheme, although possible,
is rather inefficient. The use of [U-1H,1-13C]-D-glucose as precursor provides an
alternative, and fully effective, procedure for the elimination of strong 13C scalar
coupling in Leu residues (see below).
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The aim of this study was to use all available methyl-containing amino acids
to record CPMG relaxation dispersion profiles, which requires uniform isotope
labeling. Such labeling scheme potentially introduces artifacts, but we have demon-
strated above that reliable profiles can be recorded for all methyl groups if an
appropriate pulse scheme is employed. Alternatively, one could specifically in-
troduce 13CHD2 isotopomers in an otherwise deuterated background using specific
precursors. Because of such a labeling scheme, CPMG relaxation dispersion profiles
are guaranteed artifact free, but at the expense of a complete amino acid coverage.
In a very recent NMR study of proteasome gating, Kay and co-workers have
undertaken the latter approach and also considered the potential of 13CHD2 methyl
groups as probes of millisecond time scale dynamics (Baldwin et al., 2010). In
their study, 13CHD2 probes were specifically introduced for methionine residues,
which, due to their significant degree of fast (ps) side chain dynamics, can still
give sensitive spectra, and for which the residue-specific assignment was obtained
from a combination of NMR spectroscopy and mutagenesis (Religa et al., 2010).
Indeed, when dealing with very high molecular weight systems (the a7 subunit
of the 20S core particle from T. acidiphilium weighs 180 kDa), it is necessary to
introduce specific labels without isotope dilution into an otherwise strictly deuter-
ated background. However, for many other smaller (<100 kDa) proteins or their
assemblies, a near-complete assignment of methyl groups can be obtained cost-
effectively using a partial deuteration scheme, as we have recently demonstrated
(Otten et al., 2010). Importantly, these samples, prepared using protonated glucose
in D2O, together with appropriate
1H CPMG relaxation dispersion experiments,
can be used to quantify microsecond–millisecond time scale motion for all methyl-
containing amino acids. In addition, the same samples can also be used for a
comprehensive analysis of fast (ps–ns) time scale dynamics (Otten et al., 2010).
4.4.2 Application to Activation of the Signaling Protein NtrCr
Given the fact that flat 1H CPMG relaxation dispersion profiles can be obtained
for all methyl groups in the absence of exchange, we now focus our attention on
a system that displays functional dynamics on the microsecond time scale. The
Nitrogen Regulatory Protein C (NtrC) is a bacterial enhancer-binding protein that
activates transcription upon phosphorylation of residue D54 in its N-terminal,
regulatory domain (NtrCr). Kern and co-workers have demonstrated that the
switch from an inactive to active species involves an extensive change in structure
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(Kern et al., 1999), and that the mechanism of activation is best described by a
population-shift model, where phosphorylation shifts the pre-existing equilibrium
from inactive toward active conformations (Volkman et al., 2001). The exchange
rate between these two conformations was determined on the basis of 15N CPMG
data and the exchange-free transverse relaxation rates obtained from separate
measurements, and was shown to be 13 580  850 s 1 (Volkman et al., 2001;
Gardino et al., 2009). Moreover, the population of active NtrCr was estimated to
be 14  2% in the unphosphorylated form of the protein, based on comparison of
chemical shifts of the wild-type sample with respect to those of the fully active and
inactive species (Gardino et al., 2009).
Relevant to the current study, NtrCr contains 57 methyl-containing amino acids
(15 Ala, 8 Ile, 14 Leu, 5 Met, 5 Thr, and 10 Val residues) supplying 89 potential
probes for methyl relaxation dispersion spectroscopy. Initial investigations (data
not shown) of methyl group dynamics using 13C T1r measurements (Brath et al.,
2006) have revealed that leucine residues, in particular, were subject tomicrosecond
time scale dynamics. Ideally, one would like to obtain dispersion profiles for
all different methyl-containing amino acids from a single experiment, but, as
stated earlier, strong 13C scalar coupling in Leu residues remains problematic. As
mentioned above, relaxation dispersion profiles for Leu methyl groups are of great
interest in this system, and, therefore, it would be useful to remove the strong
13C scalar coupling phenomenon using a biochemical approach. As demonstrated
earlier by Lundstro¨m et al. (2007), 13C enrichment of the methyl groups, while the
neighboring carbon atom is of the 12C variety, can be accomplished by the use of
[U-1H,1-13C]-D-glucose as sole carbon source. The 13C enrichment of the methyl
groups using [U-1H,1-13C]-D-glucose is a factor of 2 lower as compared to when
U-[1H,13C]-D-glucose is used as precursor, but is still sufficiently high (between
35% for Met and 44% for Ala, Ile-g2, Leu, and Val methyl groups, respectively)
(Lundstro¨m et al., 2007). For Ile-d1 and Thr methyl groups the 13C incorporation
drops quite dramatically to 13%, and in only 25% of the cases are the Ile-d1 and
Thr methyl groups directly attached to a 13C spin (Lundstro¨m et al., 2007) such
that selection against protonation on the neighboring carbon could be performed.
The resulting signal-to-noise ratio for these correlations is, therefore, too low, and
these were not included in the analysis. It should be emphasized here that using
[U-1H,1-13C]-D-glucose we can reliably use 28 Leu methyl groups at the expense of
5 Thr and 8 Ile-d1 probes. In addition, for Thr and Ile-d1, one needs to resort to a
less sensitive variant (scheme C, Figure 4.1) to obtain artifact free profiles, and this
is simultaneously circumvented.
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Figure 4.6. Representative methyl transverse 1H relaxation dispersion profiles for
Ala, Val, Ile-g2, and Leu methyl groups in NtrCr recorded at 600 (upper panel)
and 800 (lower panel) MHz. The solid lines correspond to the best curves,
obtained from fitting the experimental data from both fields simultaneously to
the appropriate two-site exchange equation.
In the NtrCr sample prepared using [U-1H,1-13C]-D-glucose as precursor molecule,
76 methyl groups were labeled to a high extent, and 52 assigned and nonoverlap-
ping cross-peaks were observed in the 2D 1H  13C spectra and could be used in
the analysis (Figure 4.2, right panel). Figure 4.6 shows representative relaxation
dispersion profiles for some of the methyl groups in NtrCr (see the Appendix for
all profiles, Figure A4.2). Initially, the experimental data acquired at 600 and 800
MHz were fitted simultaneously on a per-residue basis to the appropriate model
without restricting any of the fitting parameters (see the Appendix, Table A4.2).
In total, for 31 residues, no significant exchange contribution to the methyl proton
line width was observed (model 1), as indicated by the flat profiles. Furthermore,
it was determined from F-statistic tests that 18 residues are best fitted using the
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fast-exchange equation (model 2), while the remaining three residues fall in the
intermediate exchange regime and are, therefore, best fitted by the general two-site
exchange (CRJ) equation (model 3).
In the case of model 2 (fast-exchange), only the productFex = pApBdw2 and tex can
be obtained from the analysis. In cases where the exchange is not fast (model 3),
it is often possible to separate Fex into its individual components (i.e., populations
and chemical shift difference). In our case, however, the three residues that were
best fitted to model 3 show very low values for the population of the minor
state, pB <0.3%, and unrealistically large values for the chemical shift difference
between the two states (jDdj between 1.8 and 3.2 ppm). Through independent
experiments, Gardino et al. (2009) reliably determined the population pB to 14%,
andwe therefore used this value for the population of theminor state. By restricting
the population to this value, the three residues initially following model 3 are now
accurately described by the fast-exchange model. Of note, the fitting parameters
of the 18 probes described by model 2 did not change by assuming a value for






The dispersion profiles of all residues showing an exchange contribution are now
accurately described by the fast-exchange model, as evidenced by the reduced c2,
and the extracted exchange parameters are given in Table 4.1 (first row for every
entry). Only for I55-g2 the value for c2red increased significantly to 2.5 from an
already rather high value of 1.6 in the free fitting procedure. The origin of the poor
fit for this residue is not understood at this stage, and it is, therefore, excluded from
further analysis.
The values obtained for the exchange lifetime are rather similar (see Table 4.1, first
row for each probe), suggesting an exchange process between two conformations
via a single, cooperative process. A global analysis of the data for all methyl
groups in Table 4.1 (except I55-g2) was performed, and a value of 64.7  1.9 ms
was obtained for the exchange lifetime. The average c2red did not change when
this global exchange lifetime was used to describe the dispersion profiles and thus
supports the hypothesis of a single, cooperative exchange process. The results of
the global analysis of all CPMG data, using pB = 14% and tex = 64.7 ms, are given
in Table 4.1 (second row for every entry). The exchange rate obtained from the
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Table 4.1. Relaxation Dispersion Parameters for Methyl Groups in NtrCr at 25 Ca,b
methyl Ddc,d tex R2,eff (nCPMG ! ¥)d,e Rexd,e c2redd, f
group (ppm) (ms) (s 1) (s 1)
V9-g1 0.209  0.010 76.3  5.7 11.67  0.22 11.44  0.32 5.69 10.13 1.48
0.231  0.003 64.7  1.9 11.31  0.17 10.80  0.18 5.92 10.53 1.51
V18-g1 0.094  0.057 47.7  37.7 5.85  0.35 5.24  0.62 0.72 1.28 0.86
0.076  0.009 64.7  1.9 5.95  0.12 5.42  0.18 0.63 1.12 0.85
L19-d2 0.114  0.033 62.3  25.6 7.41  0.29 7.01  0.52 1.38 2.45 0.89
0.111  0.008 64.7  1.9 7.44  0.14 7.05  0.24 1.36 2.42 0.88
L40-d1 0.971  47.384 4.0  195.6 -0.02  315.32 -6.00  560.80 6.46 11.49 0.99
0.071  0.009 64.7  1.9 5.90  0.11 4.55  0.18 0.55 0.99 1.02
L43-d1 0.193  0.016 70.8  9.4 7.67  0.26 7.01  0.45 4.50 8.00 1.14
0.204  0.004 64.7  1.9 7.51  0.14 6.73  0.23 4.60 8.18 1.14
L43-d2 0.276  0.019 65.0  7.1 7.34  0.41 7.83  0.72 8.45 15.02 1.21
0.277  0.005 64.7  1.9 7.33  0.20 7.81  0.35 8.46 15.04 1.20
V50-g2 0.148  0.021 68.3  15.1 7.66  0.25 5.95  0.45 2.55 4.53 1.36
0.153  0.005 64.7  1.9 7.60  0.13 5.85  0.20 2.59 4.61 1.34
I55-g2 0.437  0.062 36.1  6.2 10.71  1.42 8.36  2.52 11.78 20.95 2.52
0.285  0.006 64.7  1.9 13.97  0.27 14.19  0.41 8.95 15.92 2.68
L66-d2g 0.150  0.016 71.1  12.1 7.07  0.21 6.85  0.36 2.72 4.84 0.96
0.159  0.004 64.7  1.9 6.97  0.12 6.67  0.18 2.79 4.96 0.95
L76-d1 0.083  0.030 79.2  43.4 5.87  0.23 5.18  0.43 0.93 1.65 0.88
0.094  0.010 64.7  1.9 5.79  0.15 5.04  0.28 0.98 1.75 0.87
L76-d2 0.064  0.020 89.9  42.8 6.67  0.16 4.69  0.24 0.62 1.11 0.86
0.078  0.009 64.7  1.9 6.59  0.14 4.54  0.19 0.68 1.20 0.86
V78-g1 0.092  0.019 75.7  23.9 8.03  0.15 6.96  0.28 1.08 1.93 1.07
0.101  0.005 64.7  1.9 7.96  0.08 6.83  0.16 1.13 2.02 1.06
V78-g2 0.108  0.063 48.3  37.0 8.68  0.45 8.06  0.79 0.96 1.70 0.93
0.087  0.009 64.7  1.9 8.81  0.14 8.30  0.22 0.84 1.50 0.92
I79-g2 0.116  0.021 90.6  26.8 9.36  0.25 8.65  0.44 2.08 3.70 0.75
0.142  0.008 64.7  1.9 9.10  0.19 8.18  0.31 2.24 3.98 0.76
I80-g2 0.190  0.021 61.6  10.1 9.55  0.32 9.10  0.54 3.78 6.73 1.23
0.184  0.005 64.7  1.9 9.63  0.17 9.25  0.23 3.73 6.63 1.22
A83-b 0.139  0.033 52.7  17.2 9.32  0.34 8.98  0.56 1.74 3.09 1.38
0.120  0.005 64.7  1.9 9.48  0.15 9.28  0.17 1.60 2.85 1.37
L87-d1g 0.232  0.138 27.1  17.8 4.30  1.36 3.07  2.42 2.49 4.43 0.81
0.117  0.005 64.7  1.9 5.37  0.11 4.98  0.17 1.51 2.68 0.85
A90-b 0.283  0.041 49.4  9.9 9.33  0.75 15.33  1.39 6.76 12.02 1.25
0.235  0.006 64.7  1.9 10.15  0.21 16.79  0.50 6.11 10.87 1.26
V91-g1 0.179  0.028 49.7  10.6 6.78  0.32 6.35  0.57 2.72 4.84 1.03
0.149  0.004 64.7  1.9 7.11  0.08 6.93  0.15 2.46 4.38 1.04
A93-b 0.141  0.100 34.5  28.7 8.24  0.73 7.93  1.29 1.18 2.09 1.59
0.087  0.007 64.7  1.9 8.62  0.12 8.59  0.17 0.84 1.49 1.58
L102-d2 1.010  72.520 3.9  278.3 0.89  485.4 -5.20  863.3 6.76 12.03 0.94
0.071  0.008 64.7  1.9 7.11  0.10 5.86  0.17 0.56 0.99 0.98
L114-d1 0.202  0.059 38.1  14.0 4.14  0.64 1.99  1.14 2.65 4.72 1.20
0.138  0.005 64.7  1.9 4.80  0.10 3.16  0.17 2.10 3.73 1.23
a Exchange parameters are obtained by fitting the dispersion profiles measured at 600 and 800 MHz simultaneously
using pB = 14%. b Methyl groups are stereospecifically assigned. c Dd was calculated assuming the above-mentioned
values for the populations. For other populations (pC and pD), the chemical shift difference can be calculated
according to DdCD = DdAB
p
(pApB/pC pD). d The numbers in the second row indicate values obtained after fitting the
profiles again, using kex = 15 458 s 1 as determined from the global fit. e First column w0/2p = 600 MHz, and second
column w0/2p = 800 MHz. f The reduced c2 is calculated using c2red = c
2/(N - m), where N is the number of
experimental data points and m is the number of fitting parameters. g Resonances of d1/d2 methyl group overlap,
assuming that only the listed probe exhibits an exchange contribution.
1H CPMG data, kex = 15 458  452 s 1, is in excellent agreement with the value of
13 580  850 s 1 obtained earlier from a suite of 15N relaxation data (Gardino et al.,
2009). Notwithstanding the agreement between the exchange parameters obtained
from the 15N and 1H CPMG relaxation dispersion data, there is an obvious benefit
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of using the latter approach. In practice, due to the limited attainable 15N CPMG
field strength, it is only possible to map about one-sixth of the chemical exchange
spectral density function, when compared to 1HCPMG relaxation dispersion NMR
spectroscopy. Therefore, in previous studies (Gardino & Kern, 2007; Gardino
et al., 2009), it was necessary to extract the exchange parameters from fitting the
initial part of the 15N CPMG dispersion profile, and the value of the exchange
free component (i.e., R2,0), obtained from a separate experiment. On the contrary,
complete microsecond time scale dynamics dispersion profiles are now obtained
from a single experiment using the 1H CPMG relaxation experiment (Figure 4.6).
The chemical shift differences between the two exchanging states, determined from
the group fit with pB = 14%, are visualized on the three-dimensional structure
of NtrCr in Figure 4.7. Indeed, all methyl groups identified to experience a
global dynamic process on a 15 000 per second time scale map to the interface






Figure 4.7. Cartoon representation of unphosphorylated, inactive NtrCr. The
spheres represent the carbon atoms of all available methyl group probes, and
these are color-coded from red to yellow according to the value of Dd. The
structural representation was generated in PyMol (Schro¨dinger, 2010).
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In conclusion, we have shown how reliable 1HCPMG relaxation dispersion profiles
up to 6 kHz field can be obtained for all methyl groups in protein samples grown
on U-[1H,13C]-D-glucose in D2O. A relaxation compensated
1H CPMG experiment
is presented for 13CHD2 methyl groups and yields very good results for Ala, Ile-
g2, Met, and Val methyl groups. Residual protonation in the case of Ile-d1 and
Thr methyl groups leads to artifacts arising from 1H homonuclear scalar coupling,
but these effects can be easily eliminated. Leu residues for which the methyl
carbon is strongly scalar coupledwith the adjacent carbon spin remain problematic,
and, even though the use of a special pulse scheme can avoid these artifacts, this
only works over a limited bandwidth, making the approach nonoptimal for those
methyl groups in proteins. To resolve this issue, we favor an approach where [U-
1H,1-13C]-D-glucose is used as carbon source, thereby eliminating strong 13C scalar
couplings in Leu residues altogether.
The application to the N-terminal receiver domain of the Nitrogen Regulatory
Protein C (NtrCr) demonstrates that the experiment can be used to characterize
exchange processes in the microsecond time scale, because high effective field
strengths can be attained by using 1H CPMG pulse trains. The fact that methyl
groups, which exhibit narrow lines and high sensitivity, are used as probes to
detect dynamics suggests a wide range of applications, including higher molecular
weight systems, as well as temperature-dependent studies to characterize the
thermodynamics of enzyme dynamics.
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4.6 Appendix
Comparison of the Results ObtainedwithDifferent Experimental Schemes. Data
for calbindin D9k was recorded with experimental schemes A, B, and D (see Figure
4.1) and the results are shown below in Figure A4.1.
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Figure A4.1. 1HCPMG relaxation dispersion profiles for all nonoverlappingmethyl
groups of calbindin D9k measured at 600 MHz.
Table A4.1. Effective Field Strengths, nCPMG, Used in the 1H CPMG Experiments of
NtrCr Measured at 600 and 800 MHz
magnetic field nCPMG
(MHz) (s 1)
600 50 (2x), 100 (2x), 150, 200 (2x), 250, 300 (2x), 350, 400 (2x), 450, 500 (2x),
550, 600, 650, 700 (2x), 900 (2x), 1000, 1200 (2x), 1400, 1600 (2x), 1800,
2000 (2x), 2200, 2400 (2x), 2600, 2800 (2x), 3000, 3250, 3500 (2x), 3750,
4000 (2x), 4250, 4500 (2x), 5000 (2x), 5500, 6000 (2x)
800 50 (2x), 100 (2x), 150, 200 (2x), 250, 300 (2x), 350, 400 (3x), 450, 500 (2x),
550, 600, 650, 700, 900 (2x), 1000, 1200 (2x), 1400, 1600 (2x), 1800,
2000 (2x), 2200, 2400, 2600, 2800 (2x), 3000, 3500, 4000 (2x), 4500 (2x),
5000 (2x), 5500, 6000
nCPMG = 1/(4tc), where 2tc is the interval between the 180 proton pulses during the
CPMG element (Mulder et al., 2001b)
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All methyl transverse 1H relaxation dispersion profiles for Ala, Val, Ile-g2, and Leu
methyl groups showing an exchange contribution in NtrCr are shown in Figure
A4.2 (upper panel, 600 MHz; lower panel, 800 MHz). The solid lines correspond
to the best curves, obtained from fitting the experimental data from both fields












































































































































































































































































































































































































































































































































































































































































































































































Figure A4.2. 1H CPMG relaxation dispersion profiles (measured at 600 and 800
MHz) for all methyl groups in NtrCr showing exchange, fitted on a per-residue
basis.
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5.1 Abstract
An experiment is presented to determine 3 JHNHa coupling constants, with sig-
nificant advantages for applications to unfolded proteins. The determination of
coupling constants for the peptide chain using 1D 1H, or 2D and 3D 1H  15N
correlation spectroscopy is often hampered by extensive resonance overlap when
dealing with flexible, disordered proteins. In the experiment detailed here, the
overlap problem is largely circumvented by recording 1H  13C 0 correlation spectra,
which demonstrate superior resolution for unfolded proteins. J-coupling constants
are extracted from the peak intensities in a pair of 2D spin–echo difference exper-
iments, affording rapid acquisition of the coupling data. In an application to the
cytoplasmic domain of human neuroligin-3 (hNlg3cyt) data were obtained for 78
residues, compared to 54 coupling constants obtained from a 3D HNHA exper-
iment. The coupling constants suggest that hNlg3cyt is intrinsically disordered,
with little propensity for structure.
5.2 Introduction
Disordered proteins attract increasing attention, due in part to the fact that intrinsic
disorder is prevalent in the proteomes of higher order organisms (Ward et al.,
2004). In addition, it has been established that the disordered states of proteins are
not mere featureless “random coils”, but are characterized by secondary structure
propensities of the polypeptide backbone, sometimes augmentedwith specific local
interactions between side chains (Dill & Shortle, 1991; Shortle, 1996; Wirmer et al.,
2005; Mittag & Forman-Kay, 2007). High-resolution determination of residual
structure in these inherently flexible molecules is therefore necessary (Bartlett &
Radford, 2009). NMR spectroscopy is undoubtedly the most appropriate technique
to offer detailed insight into disordered states, being sensitive to the length and
time scales characterizing the atomic structure (Wirmer et al., 2005; Bartlett &
Radford, 2009; Eliezer, 2009; Mulder et al., 2009). In our analyses of intrinsically
disordered proteins (IDPs) we have been interested in the measurement of scalar
coupling constants to probe the local polypeptide backbone structure. To this end
we have employed experiments that have been very successfully applied to folded
proteins, and for which careful parameterization of three-bond coupling constants
as a function of the backbone angle f are available (Billeter et al., 1992; Vuister
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& Bax, 1993; Case et al., 2000). For example, the most effectual and widely used
coupling constants to define the backbone geometry, 3 JHNHa , can be determined ef-
ficiently from a pair of 2D spin–echo difference measurements, obtained as HMQC
(Ponstingl & Otting, 1998) or HSQC (Petit et al., 2002) variants, recorded on 15N-
labeled proteins. 2D 1H  15N correlation spectra of unfolded proteins are, however,
severely compromised by resonance overlap, thereby limiting the number of probes
available for conformational analysis. Since 3D experiments (Vuister & Bax, 1993;
Kuboniwa et al., 1994) to measure 3 JHNHa include the 2D
1H  15N correlations as
“diagonal peaks”, overlap in the 2D spectrum comparatively reduces the utility
of 3D spectroscopy for the measurement of 3 JHNHa in unfolded proteins. In an
elegant approach, Lendel & Damberg (2009) very recently showed that improved
resolution can be obtained by effectively removing the homonuclear coupling
from the proton line width in a 3D J-resolved 1H  15N correlation spectrum, and
were thereby able to achieve a near-complete analysis of the coupling constants
for the natively disordered protein a-synuclein. In this paper we present an
alternative approach to achieve excellent spectral resolution, which is based on 2D
spectroscopy.
Figure 5.1. 2D 1H  15N HSQC (panel A) and 1H  13C 0 H(N)CO (panel B)
correlation spectra for the 139 amino acid construct of the intrinsically
disordered protein domain hNlg3cyt.
We show here that a much more complete set of 3 JHNHa coupling constants can be
obtained for uniformly (15N,13C)-labeled proteins by recording 13C
0
, rather than
15N, chemical shift modulation in the indirectly detected domain. The rationale for
this strategy was derived from a comparison of 2D 1H  15N and 1H  13C 0 corre-
Determination of 3 JHNHa Coupling Constants for Unfolded Proteins 129
lation spectra (viz. Figure 5.1) for the cytoplasmic domain of human neuroligin-3
(hNlg3cyt), obtained with gradient-sensitivity enhanced HSQC (Kay et al., 1992b)
and HNCO (Yang & Kay, 1999a) experiments, respectively. Both experiments were
recorded with 100 complex time points in the indirect dimension, and processed
identically. Figure 5.1 clearly demonstrates the improvement in resolution that is
obtained in the 1H  13C 0 spectrum of the unfolded protein, compared to 1H  15N
correlation spectroscopy. In addition to the higher apparent spread of the signals
in the 1H  13C 0 spectrum, the 13C 0 line widths (measured at 14.1 T) are also
significantly smaller. For example, in the case of hNlg3cyt, the natural line widths
measured in 1H  13C 0 and 1H  15N spectra were 5.6 and 16.2 Hz, respectively.
5.3 Results and Discussion
With the high resolution of 1H  13C 0 correlation spectroscopy in mind we devel-
oped a novel pulse sequence to measure 3 JHNHa for uniformly
15N,13C-enriched
proteins, which is shown in Figure 5.2. The scheme is a combination of HNCO
triple resonance spectroscopy (Yang & Kay, 1999a) and HMQC-based spin–echo
difference 3 JHNHa experiments (Ponstingl & Otting, 1998): through successive
INEPT transfer steps the starting amide polarization is transferred to 13C
0
for
chemical shift encoding. The sequence of events up to point a can be described
as HZ ! 2NZC0Z, and, after a 90 13C
0
pulse is followed by carbonyl carbon
chemical shift encoding. Subsequently, at point b in the sequence, evolution of the
anti-phase term  2NYC0Z takes place under the one-bond 15N  13C
0
and 15N  1H
coupling Hamiltonians simultaneously. After a delay k = 1/(2 x 1 JNH) the density
operator is proportional to 4HZNXC
0
Z  cos(p JNC0k) + 2HZNY  sin(p JNC0k). A 90
1H pulse transforms this into  4HYNXC0Z  cos(p JNC0k)   2HYNY  sin(p JNC0k),
which interrupts any further evolution under the proton-nitrogen coupling, while
allowing now for the simultaneous evolution under the one-bond 13C
0  15N and
three-bond 1HN  1H a coupling Hamiltonians. At point c in the sequence the
refocusing due to 1 JNC0 is complete. Subsequently, after the final 90 15N pulse,
evolution under the mutual scalar coupling for a period k also completely refocuses
the nitrogen-proton anti-phase terms. A non-selective 180 proton pulse in the
middle of the multiple-quantum (MQ) evolution period ensures that 1H chemical
shift evolution is fully refocused. In total, evolution due to the 3 JHNHa coupling
equals 2T at that point. After the last 90 1H pulse the only terms present are now
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Figure 5.2. Pulse sequence of the 13C
0
-resolved spin–echo difference experiment
to measure 3 JHNHa . Two versions of the experiment are executed, one with the
boxed inversion pulses present (A) and one without (B). Narrow (wide) filled
bars indicate 90 (180) RF pulses applied along the x-axis, unless otherwise
indicated. The 1H carrier is centered at the water resonance (4.76 ppm) and
proton pulses are applied with a field strength of w1/2p = 37.3 kHz. Proton
decoupling is achieved using a WALTZ-16 decoupling scheme with w1/2p =
5.0 kHz. The water flip-back pulse at the beginning of the sequence has an
EBURP-1 profile (Geen & Freeman, 1991) (w1/2p = 715 Hz, 5.12 ms duration).
The filled dome shaped proton pulses are used for the selective inversion of the
1H a region and have an IBURP-2 profile (w1/2p = 1.75 kHz, 2.9 ms duration).
The open dome shaped proton pulse has a REBURP profile and inverts only the
amide region (w1/2p = 1.55 kHz, 4.01 ms duration) through phase-modulation.
The 15N carrier is centered at 117 ppm and nitrogen pulses are applied with
a field strength of w1/2p = 6.0 kHz. Rectangular 90 (180) 13C pulses are




3), where D is the difference (in
Hz) between 13C a (57 ppm) and 13C
0
(176 ppm). Decoupling during acquisition
is done using GARP-1, with w1/2p = 1.25 kHz. Values of the delays are t = 2.3
ms, k = 5.4 ms, T = 16.67 ms. Gradient strengths in G/cm (length in ms) are
g0 = 8.0 (0.5), g1 = 5.0 (0.5), g2 = 15.0 (2.0), g3 = 20.0 (0.75), g4 = 15.0 (2.0), g5
= 1.0 (variable), g6 = 21.0 (0.1). The phase cycling is f1 = x; f2 = [x,–x]; f3 =
[x,x,–x,–x]; f4 = [x,–x]; frec = [x,–x,–x,x]. Quadrature detection in F1 is obtained
by incrementing f2, according to the States-TPPI protocol.
HX  cos(p JHNHa2T)  2HZHaY  sin(p JHNHa2T). Only the in-phase term survives
the subsequent echo period, which is comprised of an amide proton-selective
REBURP refocusing pulse (Geen & Freeman, 1991), combined with a gradient
echo. This short additional element is also necessary to suppress any small amount
of water magnetization that is not returned to the +Z axis by the last 90 1H
pulse in the sequence. Fourier transformation leads to an absorptive signal at the
amide proton chemical shift, with its intensity encoding the three-bond 1HN  1H a
coupling constant. In order to quantify the 3 JHNHa coupling constants a reference
measurement is performed, during which selective inversion of 1H a is achieved
Determination of 3 JHNHa Coupling Constants for Unfolded Proteins 131
at time points T/2 (= 1/(4 x 1 JNC0 ) and 3T/2 (= 3/(4 x 1 JNC0 ), thereby effectively
refocusing the coupling (these pulses are shown as boxed filled domes in Figure
5.2). For this purpose, IBURP-2 pulses (Geen & Freeman, 1991) were employed,
which effect a rapid inversion during the central segment of the pulse. Practically,
two experiments are recorded: one with the selective 1H a pulses (IA) and one
without (IB). Residue-specific values for the three-bond coupling constants are
calculated from the intensity ratios of the resulting spectral signals as
3 JHNHa = (2pT)
 1 arccos(IB/IA)
A few further aspects of the experiment are worth mentioning at this point. First,
during the final part of the pulse sequence, no sensitivity losses incur from the
refocusing of  2NYC0Z during the 2T period of 33 ms. The MQ evolution period
nicely combines the refocusing period with the period that is required for the
three-bond proton-proton coupling evolution, since these two processes require
approximately the same amount of time.
Second, 1H composite pulse decoupling is applied during 13C
0
evolution, since
three-bond couplings to b-protons (2–6 Hz) would otherwise contribute to unre-
solved line broadening. Under these conditions narrow lines are observed for
13C
0
, due to the absence of strong relaxation mechanisms: the dominant source
of relaxation, even at moderate static magnetic field strength, is the chemical shift
anisotropy (CSA), which is modest at 14.1 T. Since protons are far removed from
the carbonyl carbon atom, dipolar relaxation contributions are small. For unfolded
proteins a three-fold reduction in the line widths was observed by recording 13C
0
rather than 15N-resolved spectra (see above), and this advantage also extends
to folded proteins: for calbindin D9k the average carbonyl line width is 6.4 Hz,
compared with 20.0 Hz for nitrogen. In addition, the high spectral dispersion
displayed by 13C
0
arises from the fact that the carbonyl chemical shift is influenced
by the neighboring residue types to both sides (Wishart et al., 1995a; Yao et al., 1997;
Wang & Jardetzky, 2002). The favorable relaxation properties and sequence-specific
shielding contributions together ensure the high inherent resolution for 1H  13C 0
correlation spectroscopy displayed by disordered proteins.
Third, a water flip-back strategy is used to avoid the transfer of water saturation
to the solvent-exposed, exchangeable amide protons. Since all amides in the
unfolded state are solvent-exposed, care has to be taken to control the state of water
132 Chapter 5
throughout the pulse sequence. Failure to establish that the water polarization
is very similar in each of the two spin–echo difference experiments could lead
to significant systematic errors. A three-pronged approach was taken here: (1)
Since radiation damping can rapidly cause the large out-of-equilibrium water
polarization to align with the external magnetic field we have limited the time
during which it is not aligned along the +Z axis; (2) During the chemical shift
evolution period where the water polarization is along –Z, weak gradients are
employed to rapidly dephase any magnetization that rotates away from the –Z
axis; (3) When the magnetization is in the transverse plane it is kept locked by a
strong (w1/2p 5 kHz) rotating transverse field, which is simultaneously used for
composite pulse 1H decoupling. Residual water suppression after the final 90 1H
pulse is achieved by a selective 1HN REBURP refocusing pulse (Geen & Freeman,
1991), bracketed by gradients, akin to the WATERGATE procedure (Piotto et al.,
1992). Rather than judging the effectiveness of the water flip-back procedure from
the degree of water suppression, an optional 90 1H pulse was included at the
end of the pulse sequence to query the longitudinal water polarization prior to
acquisition. This was done, by comparing the signal intensity with that obtained
after a single 90 1H pulse. To avoid receiver overflow, the signal was moderated,
by placing a 6 dB attenuator between the preamplifier and the observation receiver
(i.e., prior to signal digitization). In this way it was established that the flip-back
strategy was effective to 95% or better. More importantly, the water state was no
different in the experiments that do or do not contain selective 1H a decoupling
pulses. We found that this procedure yielded more reliable estimates of the water
signal magnitude, than using a short tapping pulse.
To benchmark the experimental procedure, the new pulse sequence was first ap-
plied to the small folded protein calbindin D9k, and measured 3 JHNHa values
were compared with coupling constants derived from a 3D HNHA experiment
(Vuister & Bax, 1993). The 3D data set was recorded using 47 x 62 complex
data points for the proton and nitrogen domain, corresponding to maximum
evolution times of 5.9 and 31.9 ms, respectively. Linear prediction was used in both
indirect domains, followed by strongly apodizing window functions. The coupling
constants extracted using this procedure were the same as those obtained without
linear prediction. The total acquisition time was 30 h. For the 2D measurement
256 complex points were acquired in the 13C
0
domain, using a maximum evolution
time of 170.7 ms. A pair of experiments (once with and once without modulation
due to the three-bond coupling) was recorded in 6 h, and this procedure was
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repeated four times, in an interleaved fashion, to ensure that any changes would
affect both experiments equally, and the data was subsequently added together.
Figure 5.3. (a) Comparison of experimental 3 JHNHa coupling constants for the small
folded protein calbindin D9k, obtained using 2D 1H  13C 0 spin–echo difference
and 3D HNHA experiments. Error bars on the 3D data set are similar to
the size of the symbols, and are not shown for clarity. (b) Comparison of
the experimental 2D 1H  13C 0 spin–echo difference derived 3 JHNHa coupling
constants for calbindin D9k with those calculated from the 1.6 A˚ X-ray crystal
structure (Svensson et al., 1992) 4ICB, using the Karplus parametrization by
Vuister & Bax (1993). (c)Comparison of experimental 3 JHNHa coupling constants
for the intrinsically disordered protein domain hNlg3cyt, obtained using 2D
1H  13C 0 spin–echo difference and 3D HNHA experiments. Error bars are
of similar size as the sample points. (d) 3 JHNHa coupling constants for the
intrinsically disordered protein domain hNlg3cyt, obtained with the new pulse
sequence. Error bars are smaller than the size of the symbol formost data points.
Empty circles show 3D HNHA-derived coupling constants for five additional
residues, which give rise to overlapped cross-peaks in the 2D 1H  13C 0 , but not
in the 2D 1H  15N spectrum.
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As Figure 5.3a shows, there is excellent agreement between the coupling constants
for this protein, derived from 2D and 3D measurements, except for the presence
of a systematic difference between the two data sets. Coupling constants ob-
tained for ten residues for which the selective pulses do not perfectly effect the
desired inversion of 1H a magnetization, or completely refocus the 1HN region
were excluded from the analysis, and Figure 5.3a. For example, 3 JHNHa values
for Leu31 and Phe63 appeared seriously underestimated in the 2D measurement.
This outcome was anticipated, as the 1H a chemical shifts for Leu31 and Phe63 are
2.37 and 3.32 ppm, respectively, and fall outside the region for proper inversion.
Although differential relaxation of the in-phase and anti-phase terms in the 3D
HNHA scalar coupling measurement may lead to the systematic underestimation
of the true J values for larger proteins (Harbison, 1993; Kuboniwa et al., 1994;
Vo¨geli et al., 2007), the short rotational correlation time for calbindin D9k (tc
= 4.2 ns) suggests that a correction for differential relaxation would amount to
underestimations of the true J couplings by approximately 5% (Kuboniwa et al.,
1994). Even after making this correction it appears that the values from the 3D
HNHA experiment underestimate the scalar coupling values by about 0.5 Hz.
Interestingly, Wang & Bax (1996) required a similar systematic increase of 3D
HNHA-derived relaxation-corrected 3 JHNHa values for human ubiquitin (0.4 Hz)
to obtain satisfactory agreement with values obtained using 2D J-modulated CT-
HMQC spectra and HNCA[HA]-E.COSY experiments. It therefore appears that
the J couplings measured with the proposed 2D spin–echo difference scheme are
robust, even for small folded proteins.
The experimental coupling constants were compared with those calculated from
a 1.6 A˚ X-ray crystal structure 4ICB (Svensson et al., 1992), using the Karplus
parametrization by Vuister & Bax (1993). The agreement with the 2D spin–echo
difference derived coupling constants is very good, although there are a number of
residues for which the coupling constants are further removed from the calculated
curve thanwould be expected from the quality of the data. There exist two explana-
tions for these differences. The first reason is that values for 3 JHNHa calculated from
a single static structure cannot be expected to faithfully represent experimental
data in the case of dynamics. Residues that are known to be flexible from NMR
relaxation studies (Ko¨rdel et al., 1992) indeed show poor agreement. For example,
residues belonging to the termini (Glu4, Lys72–Ser74) and the linker region (Lys41)
yield values between 6 and 8 Hz, indicative of averaging, and are more than 1 Hz
removed from the values calculated from a static structure. Second, a number of
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further deviations appear to be the result of true differences between the structures
in the crystal lattice and in solution. Calbindin D9k contains two loops, which
coordinate a calcium ion each, providing backbone as well as side chain oxygen
ligands. The first loop comprises Ala14–Glu27, and the second extends from Asp54
to Glu65. It is observed that data for residues of the four helices nicely fit to the
Karplus relation, whereas the experimentally determined J couplings for all other
residues that deviate by more than 1 Hz from calculation map to the two calcium
binding loops. These are indicated in Figure 5.3b. It appears that backbone angles
in the loop regions differ by up to 10 between the crystalline and solution states.
This assertion is confirmed by 3 JC0C0 couplings, which report on the same dihedral
angle (data not shown).
Once the methodology was validated, we applied the experiment to the disordered
protein domain hNlg3cyt. In a previous study the structural nature of this do-
main was studied by a host of biophysical methods, including small-angle X-ray
scattering, CD spectroscopy and NMR spectroscopy (Paz et al., 2008). The main
conclusion of that work was that hNlg3cyt belongs to the family of intrinsically
disordered proteins (IDPs), also referred to as natively unfolded proteins. Since no
NMR assignments were available at the time of that study, the experimental data
were used to derive an overall picture of the protein’s physical state. Meanwhile
we have obtained near-complete backbone resonance assignments of the protein,
such that a site-specific analysis of order and disorder in the sequence can be
undertaken. Because scalar coupling constants are very sensitive to the local order
of the peptide bond, they would serve as excellent probes to detect any residual
structural propensity along the polypeptide chain.
Using the 3D HNHA experiment, a data set of 46 x 62 complex data points
was collected for the proton and nitrogen domain, corresponding to maximum
evolution times of 5.7 and 31.9 ms, respectively. The total measuring time was
30 h. Due to extensive overlap we were only able to obtain 54 3 JHNHa values
for hNlg3cyt from this data set. Therefore the pulse sequence of Figure 5.2 was
employed, using 128 complex data points for the 13C
0
dimension, with a maximum
evolution time of 160.0 ms. The experiments with and without 1H a decoupling
were repeated four times. The total measuring time was 30 h. Making use of
the 2D 1H  13C correlation spectra, the number of probes amenable to analysis
increased to 78, out of 105 possible (139-residue long sequence, with 10 amino
acids in the poly-histidine tag, 16 proline and 8 glycine residues). Of note, for
unfolded proteins the clear separation of the narrow 1H a (4.0–4.8 ppm) and 1HN
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(7.9–8.7 ppm) chemical shift ranges does not hinder the coupling measurement as
it does for folded proteins (see above), and no data needed to be excluded from
further analysis. A single outlier was obtained (residue 56), but the reason for this
discrepancy is currently unknown.
The 3 JHNHa values measured for hNlg3cyt by 3D HNHA and 2D spin–echo dif-
ference spectroscopy are compared in Figure 5.3c. Since the inter-proton dipolar
correlation times in unfolded proteins are much smaller than those of folded
proteins, it is unlikely that the effects due to differential relaxation need to be taken
into account (Harbison, 1993; Kuboniwa et al., 1994; Rexroth et al., 1995). However,
a small systematic difference of about 0.4 Hz is still observed, as was the case
for calbindin D9k. Such a systematic difference has previously been attributed to
an underestimation of the coupling constants using the 3D HNHA experiment,
suggesting that the values derived with the new experiment are reliable. In
addition, since the 2D spin–echo difference-derived coupling constants agree well
with the three-dimensional molecular structure for calbindin D9k, 3 JHNHa values for
unfolded proteins can be used as reliable probes of polypeptide conformation.
A plot of the measured 3 JHNHa for hNlg3cyt as a function of residue number is
shown in Figure 5.3d. The average value of ca. 7 Hz is similar to values obtained for
flexible peptides and other disordered peptides, corroborating earlier results (Paz
et al., 2008). However, a few regions deviate from this trend, showing significantly
lower values. The interpretation of this result is that conformations with values
for the angle f toward –60 are increasingly being populated. Importantly, from
3 JHNHa values alone it is not possible to say whether these include canonical a-
helical or polyproline type II (PPII) structures. This will await further investigation,
and an analysis of additional experimental data is beyond the scope of this work,
and will be presented elsewhere.




instead of 15N-resolved experiments. The sizeable gain in the number of probes
that become available for unfolded proteins suggests that the proposed experiment
serves as an important complement to characterize the structure and dynamics of
disordered states of proteins.
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Eiwitten zijn de moleculaire machientjes van de cel en betrokken bij vrijwel alle
belangrijke processen die daarin plaatsvinden. Bij deze cellulaire processen kun
je bijvoorbeeld denken aan het transporteren van zuurstof en voedingsstoffen,
het opbouwen of afbreken van moleculen, het overdragen van informatie in het
zenuwstelsel of door hormonen, het omzetten van energie in beweging door de
spieren en het bieden van bescherming middels het immuunsysteem. Voor het
goed functioneren van e´e´n enkele cel, maar zeker ook voor een complex organisme
zoals het menselijk lichaam, is het van groot belang dat alle eiwitten op een correcte
wijze hun functie uitvoeren. De cel kan in deze context vergeleken worden met een
fabriek: zolang alle werknemers (de eiwitten) hun werk goed doen is er sprake van
een goed geolied productieproces, maar wanneer er wilde stakingen plaatsvinden
stokt de productie of rollen er disfunctionele producten van de lopende band. Niet-
functionerende eiwitten in een menselijke cel zijn dan ook vaak betrokken bij het
ontstaan van ziekten, waaronder neurodegeneratieve aandoeningen (bijvoorbeeld
Parkinson, Alzheimer en de ziekte van Creutzfeldt-Jakob) en kanker.
Alle eiwitten zijn opgebouwd uit 20 verschillende aminozuren, die elk verschil-
lende zijketens hebben en daardoor ook andere eigenschappen. De specifieke
volgorde waarin deze aminozuren in een eiwit aan elkaar worden gekoppeld is
bepaald door de genen in het DNA en dit proces kan vergeleken worden met
het maken van een kralenketting. Na het aaneenrijgen van soms wel honderden
kralen (aminozuren) ontstaat een lange hoofdketen met daaraan de 20 verschillende
zijketens in een specifieke volgorde. Een eiwit komt in de cel echter meestal niet
voor als langgerekte kralenketting, maar als een compact opgevouwen bolletje met
een goed gedefinieerde driedimensionale structuur. Een belangrijk dogma uit de
structuurbiologie is de zogenaamde “structuur-functie relatie”, dat stelt dat deze
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structuur van groot belang is voor de werking van het eiwit. Het ontrafelen van
de driedimensionale structuur van eiwitten heeft daarom in de afgelopen 50 jaar
veel aandacht gekregen. Het grote probleem is alleen dat eiwitten zo klein zijn
(in de orde van een honderdduizendste millimeter) dat je ze met het blote oog of
onder een microscoop niet eens kunt zien. Desondanks zijn er twee technieken
waarmee de structuur van een eiwit bepaald kan worden: eiwitkristallografie en
kernspinresonantie (in het Engels nuclear magnetic resonance, afgekort NMR). In
het eerste geval wordt de structuur “zichtbaar” gemaakt door een eiwitkristal te
beschieten met ro¨ntgenstraling, terwijl in het andere geval het eiwit in oplossing
wordt bestudeerd met behulp van een sterk magneetveld. Het bestuderen van
een eiwit in oplossing heeft als groot voordeel dat het mogelijk is om behalve de
structuur ook de beweeglijkheid van eiwitten te karakteriseren; in dit proefschrift
wordt gebruik gemaakt van deze methode.
NMR spectroscopie wordt niet alleen maar gebruikt voor het bestuderen van
eiwitten en andere moleculen, maar heeft ook haar toepassing gevonden bin-
nen de medische wereld, waar het magnetic resonance imaging (MRI) wordt
genoemd. De techniek is gebaseerd op het feit dat sommige atoomkernen zich
in een magneetveld gedragen als “rondtollende magneetjes”. Deze rondtollende
beweging (“precessie”) komt niet alleen voor bij bepaalde atoomkernen door het
effect van een magneetveld, maar is ook zichtbaar op macroscopische schaal bij
een ouderwetse draaitol, in dat geval onder invloed van de zwaartekracht. In het
geval van MRI scanners en NMR spectrometers wordt gebruik gemaakt van zeer
sterke magneetvelden, waarbij momenteel respectievelijk 9.4 en 22.3 T de hoogste
veldsterktes zijn (ter vergelijking: het aardmagnetisch veld is slechts 0.00005 T).
Kernen met een kernspin gedragen zich in zo’n magneetveld als een soort walkie-
talkie: ze kunnen radiogolven ontvangen en uitzenden. Afhankelijk van de om-
geving waarin zo’n atoom zich bevindt zal de frequentie van deze radiogolven
een klein beetje varie¨ren. Door nu op een bepaalde manier radiogolven te ver-
sturen (het NMR experiment) en vervolgens te “luisteren” naar de respons van
de afzonderlijke atomen (het NMR spectrum) kunnen we meer te weten komen
over de interactie tussen deze “walkie-talkies” en uiteindelijk over de structuur en
beweeglijkheid van het eiwit.
In (grote) eiwitten is het lastig om goed te “verstaan” wat er precies gezegd wordt,
omdat iedereen door elkaar praat en signalen van de verschillende walkie-talkies
elkaar verstoren. In principe kan dit probleem worden opgelost door een vraag te
stellen aan een specifiek “persoon” (de ontwikkeling van NMR experimenten) of
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door ervoor te zorgen dat er slechts een beperkt aantal walkie-talkies in omloop
is (het gebruik maken van biochemie om specifiek “gelabelde” eiwit samples
te maken). Voor het bestuderen van eiwitten met behulp van NMR levert de
combinatie van bovenstaandemogelijkheden vaak de beste resultaten, vandaar ook
de titel van dit proefschrift: “Structuur en beweeglijkheid van eiwitten met behulp
van NMR: synergie tussen biochemie en ontwerp van pulssequenties”.
Het proefschrift
Hetwerk beschreven in dit proefschrift richt zich op de ontwikkeling vanNMRme-
thodes om de structuur, beweeglijkheid en daarmee het functioneren van eiwitten
te bestuderen. In het bijzonder wordt er gebruik gemaakt van de combinatie van
biochemie en nieuwe NMR experimenten om specifieke atomen in het eiwit te “in-
terviewen”, en zo meer te leren over de werking van deze belangrijke biologische
machientjes.
In Hoofdstuk 1 wordt in het kort uitgelegd hoe de structuur van een eiwit be-
paald kan worden met behulp van NMR en een overzicht gepresenteerd van
de verschillende biochemische methodes om specifiek “gelabelde” eiwit samples
te maken. De rol van NMR in de structuurbiologie is echter niet beperkt tot
het bepalen van een structuur, maar NMR is ook uitermate geschikt voor het
meten van de beweeglijkheid van eiwitten, de interacties tussen eiwitten of het
karakteriseren van de belangrijke groep van “ongevouwen” eiwitten. De basis van
deze toepassingen wordt in het kort besproken om het werk dat is beschreven in
de overige hoofdstukken in de context te plaatsen.
Het eiwit FepB is het studieobject van Hoofdstuk 2 en is betrokken bij het ij-
zertransport in bacterie¨n. Bijna alle micro-organismen hebben ijzer nodig om te
kunnen overleven, maar ze kunnen dit niet zelf maken. Zodra bacterie¨n daarom
ijzer “waarnemen” in hun omgeving gaan ze kleine moleculen (“sideroforen”)
produceren die het ijzer binden en dit complex wordt vervolgens naar het bin-
nenste van de cel getransporteerd. Het eiwit dat we hier bestudeerd hebben is
e´e´n van de eiwitten die betrokken is bij dit transport en er is gesuggereerd dat
’ie het ijzer-siderofoorcomplex bindt, zoals Pacman de blokjes opeet in het alom
bekende computerspelletje. Om te kijken of het ijzer inderdaad wordt gebonden
in de opening tussen de twee domeinen en het eiwit daarna “dicht gaat”, is het
noodzakelijk om de structuur te bepalen van het eiwit me´t (holo-FepB) en zonder
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(apo-FepB) het ijzer-complex. In dit hoofdstuk is voor beide systemen de residue-
specifieke toekenning van alle signalen in de NMR spectra beschreven en ook per
aminozuur in het eiwit de beweeglijkheid bepaald. De analyse van de resultaten
suggereert dat het effect van de binding van het ijzer-complex het grootste is op
het C-terminale deel van het eiwit, waar structurele veranderingen optreden en
ook de flexibiliteit aanzienlijk minder wordt. Omdat we nog niet zover zijn dat
we een driedimensionale structuur hebben kunnen bepalen is er –op dit moment–
nog geen definitieve conclusie te trekken over de exacte wijze waarop het FepB
het ijzer-siderofoorcomplex bindt. Meer gedetailleerde kennis over de manier
waarop ijzer wordt getransporteerd en de rol van FepB hierin is nodig voordat
we kunnen gaan denken aan mogelijke medische toepassingen. Het is een bekend
gegeven dat bacterie¨n in rap tempo resistent worden tegen antibiotica en dat dit
in de (nabije) toekomst grote problemen kan opleveren. Er wordt dan ook veel
onderzoek gedaan naar nieuwe methoden om bacterie¨n te doden en het platleggen
van het ijzertransport zou in de toekomst wellicht een alternatief kunnen bieden.
Eerder onderzoek heeft uitgewezen dat aminozuren met een methylgroep in de
zijketen interessant zijn om te bestuderen, omdat methylgroepen luid en duidelijk
“spreken” en belangrijke informatie kunnen geven over de structuur en beweeglijk-
heid van eiwitten. In Hoofdstuk 3 laten we zien dat er een goedkope en efficie¨nte
manier is om er voor te zorgen dat alle methylgroepen in een eiwit gelabeld
worden, namelijk door het eiwit te laten maken door bacterie¨n die U-[1H,13C]-
D-glucose te eten krijgen en groeien in 100% D2O (“zwaar water”) in plaats
van H2O. We beschrijven een nieuw NMR experiment (C-TOCSY-CHD2), dat
speciaal ontwikkeld is voor dit type eiwitsamples en in staat is om een nagenoeg
complete residue-specifieke toekenning van de methylgroepen te bewerkstelligen.
Zodra de toekenning van deze methylgroepen bekend is kunnen we ze vervolgens
gebruiken om meer te leren over de beweeglijkheid van eiwitten. Hoofdstuk 4
beschrijft een nieuw 1H CPMG experiment om met behulp van methylgroepen de
beweeglijkheid van een eiwit op de microseconde tijdschaal te bestuderen. We
demonstreren het gebruik van de methodologie op het eiwit NtrCr, waarvan al
bekend was dat er een evenwicht is tussen een actieve en een inactieve vorm.
Deze twee vormen gaan echter zo snel in elkaar over dat het lastig was om de
snelheidsconstante nauwkeurig te bepalen; ons experiment is hiervoor echter wel
geschikt en geeft aan dat de twee vormen (15.5  0.5)  103 keer per seconde
in elkaar overgaan. Het beschreven experiment is niet alleen veel geschikter om
snellere, ms tijdschaalprocessen te bestuderen, maar ook voor het verrichten van
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temperatuurafhankelijke metingen die van belang zijn om de thermodynamica van
een dergelijk proces te karakteriseren.
Hoofdstuk 5 laat het gebruik vanNMR zien voor het karakteriseren van “ongevou-
wen” eiwitten. Dit is een relatief grote groep van eiwitten die zich niet opvouwen
tot een goed gedefinieerde driedimensionale structuur, maar als flexibele kralen-
ketting in de cel voorkomen. Ondanks de afwezigheid van een stabiele structuur
hebben deze eiwitten we´l een functie in de cel en ook zijn ze vaak betrokken bij
het ontstaan van neurodegeneratieve ziekten. De grote flexibiliteit in de eiwitketen
zorgt ervoor dat eiwitkristallografie als onderzoeksmethode ongeschikt is, terwijl
deze eigenschap voor NMR juist erg gunstig is. In dit hoofdstuk beschrijven we
een nieuwe methode voor het meten van 3 JHNHa koppelingconstantes die veel
geschikter is in het geval van ongevouwen eiwitten. Dat het nieuwe experiment
goed werkt wordt gedemonstreerd op het cytoplasmatische deel van het humane
eiwit neurologin-3 dat betrokken is bij de signaaloverdracht in neuronen. De
gemeten 3 JHNHa koppelingsconstanten laten zien dat het grootste deel van het eiwit
inderdaad ongevouwen is, maar geven ook weer dat de wanorde in het eiwit niet
gelijkmatig is verdeeld over de keten. Mogelijkerwijs zijn delen van dit eiwit al
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promotieonderzoek niet echt tot de “core-business” van jouw vakgroep behoort ben ik blij
dat je toch mijn promotor wilt zijn. Bedankt voor de vrijheid om mijn wetenschappelijke
interesses te volgen en je ondersteuning gedurende het promotietraject!
Grote dank ben ik verschuldigd aan mijn co-promotor Frans Mulder, die als dagelijkse
begeleider het dichtst betrokken is geweest bij de totstandkoming van dit proefschrift. Ik
ben nog steeds verbaasd over jouw enorme bibliografische kennis (noem een onderwerp en
je krijgt de eerste auteur, tijdschrift en jaartal van het artikel terug); daarnaast heb ik jemanier
van begeleiden –waarbij ik veel vrijheid kreeg e´n de wetenschap dat je deur altijd open stond
voor discussies, vragen of suggesties– bijzonder gewaardeerd. Je positief kritische houding
ten opzichte van experimentele data, tekst en figuren (“waarom zijn deze pieken niet rond?”
of “ik kan deze labels zonder bril niet lezen!”) heeft een belangrijke bijdrage geleverd aan dit
uiteindelijke resultaat. Ik heb grote waardering voor de manier waarop je in de afgelopen
jaren het NMR onderzoek in Groningen weer op de kaart hebt gezet en vind het dan ook
bijzonder jammer dat dit –vooralsnog?– niet geleid heeft tot een vaste baan. Hoe dan ook, ik
weet zeker dat je de kwaliteiten bezit om het tot hoogleraar te schoppen en wens je daarbij
veel succes; ik beschouw het als een eer om jouw eerste promovendus te zijn!
De zeergeleerde heer Scheek heeft onder andere een passie voor het drinken van goede
espresso, het begluren van vogels, het gebruiken van Mathematica om wetenschappelijke
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problemen op te lossen en het geven van onderwijs. Ruud, jij bent er in de afgelopen
jaren –zoals het een goede docent betaamt– in geslaagd om deze eigenschappen op mij
over te brengen. Inderdaad, voor het doorgronden van de noodzakelijke statistiek en
het doorrekenen van pulssequenties is Mathematica (of soms Matlab...) ook voor mij een
onmisbaar hulpmiddel geworden. Het is ook bijzonder prettig een buurman te hebbenwiens
dagelijkse cafeı¨ne inname op z’n minst gelijkwaardig is; de Nespresso op de eerste of achtste
verdieping smaakte altijd uitstekend, jammer alleen dat er maar zo weinig in zo’n kopje
zit... ’t Is bijzonder spijtig dat er maar weinig wetenschappers te vinden zijn die net zoveel
affiniteit hebben als jij met de core-business van de universiteit: het geven van onderwijs.
Ik vond het erg leuk en ook leerzaam om als werkcollegedocent en practicumbegeleider
bij te mogen dragen aan jouw cursussen. Daarnaast heb ik de discussies over allerhande
(wetenschappelijke) onderwerpen erg gewaardeerd en in de loop der jaren ook nog enige
kennis vergaard over de vogeltjes op de Drentsche Aa, bedankt!
De heren Dijkstra en Van der Meulen hebben er voor gezorgd dat het NMR-machinepark
altijd in uitstekende staat verkeerde en de onvermijdelijke problemen snel en vakkundig
werden opgelost. Klaas, bedankt dat jij als “oude rot in het vak” altijd bereid was om je
kennis te delen, ik heb er veel van geleerd! Leuk dat je ook na je pensionering geı¨nteresseerd
bleef in het wel en wee van de NMR-groep en mijn promotieonderzoek; je was een graag
geziene “gast” op de woensdag. Pieter, jij kwam de groep versterken als technicus in de tijd
dat ik als AIO begon enwe zijn sindsdien kamergenoten geweest. Dank voor de gezelligheid
en alle hulp bij het oplossen van (computer gerelateerde) problemen; ik heb groot respect
voor de manier en snelheid waarop jij je de ins and outs van het NMR-vakgebied eigen hebt
gemaakt. Ik vind het erg leuk dat jullie mij nogmaals behulpzaam willen zijn, maar nu als
paranimfen tijdens de verdediging van dit proefschrift!
De beoordelingscommissie bestaande uit prof. dr. B. W. Dijkstra, prof. dr. S. J. Marrink en
prof. dr. G. W. Vuister bedank ik voor hun snelle beoordeling van het manuscript en het
aandragen van suggesties ter verbetering.
I also would like to acknowledge all current and former (graduate) students and postdocs
of the NMR group: Alia, Auke, Burc¸in, Cesar, Djurre, Fenneke, Gergana, Hoora, Jelle,
Kamil, Katy, Martin, Meike, Niek, Somer, and Trijnja; thank you for creating a pleasant and
stimulating working environment!
I wish my fellow graduate students Kamil (amazing how you combine a career in
photography, mountaineering and science) and Alia good luck with their research and
finishing their thesis.
Katy, in de anderhalf jaar die je in Groningen hebt gewerkt ben je er prima in geslaagd om
de Nederlandse taal onder de knie te krijgen en ik kan je dan ook rustig in mijn moedertaal
bedanken. Bedankt voor de plezierige en productieve samenwerking, maar vooral ook voor
de gezelligheid op het lab en daarbuiten (jouwmojitos smaken altijd naar meer). Ik vond het
erg leuk om afgelopen zomer bij je op bezoek te zijn in Sydney (dank voor de gastvrijheid)
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en wens je veel succes met je verdere carrie`re in de neutronen-wereld!
Meike, we started a project together that was supposed to be straightforward, but turned
out to be much more complicated... Unfortunately we haven’t been able to finish everything
before you left and I became to busy writing my thesis, but I sure hope that we’ll get it done!
I wish you and Fokko all the best and good luck in your pursuit of a career in journalism.
De afgelopen jaren hebben ook vele studenten de NMR groep weten te vinden en heb
ik het genoegen gehad om een aantal te mogen begeleiden. Niek, jij hebt tijdens je 14-
weeks onderzoeksproject gewerkt aan het toekennen van methyl-groepen en het analyseren
van relaxatie-data voor het eiwit DhlA. Uitstekend werk dat weliswaar niet direct in dit
proefschrift terug te vinden is, maarwel aan de basis heeft gestaan van het werk in hoofdstuk
3 en 4; veel succes bij het afronden van je studie. TwoMaster students have been involved in
the attempts to produce isotopically labeled samples of our favorite protein, calbindin D9k.
Cesar, even though our attempts were not very successful I still hope that you enjoyed doing
some wetlab-stuff and NMR instead of computer work alone (did I ever get your report...?).
I wish you good luck with your research as a graduate student in the molecular dynamics
group! Auke, met het knippen-en-plakken van DNA had je al veel ervaring en het maken van
een nieuwe expressie-vector was dan ook snel voor elkaar. Desondanks bleven ook nu de
grote bergen eiwit uit; blijkbaar vonden onze kleine “vriendjes” de D2O en het snoepgoed
toch niet zo lekker... Hoewel deze resultaten in eerste instanties wat teleurstellend leken
heeft jouw werk toch een grote bijdrage geleverd aan dit proefschrift: het door jou gemaakte
eiwit sample heeft een prominente rol gespeeld in zowel hoofdstuk 3 als 4. Veel succes met
je eigen promotieonderzoek!
Thanks as well to all the people from the MD-group and the Poolman-lab for being great
colleagues and making life in and around the lab to such a nice experience! In het bijzonder
wil ik Ria en Gea bedanken voor hun onuitputtelijke geduld en hulp wanneer ik rondliep
op het lab in een poging eiwit te produceren of te zuiveren; jullie aanwezigheid is van
onschatbare waarde voor een biochemicus-in-opleiding zoals ik! Martti, kiitos etta¨ olet
ollut loistava kollega ja ysta¨va¨. Onnea uuteen tyo¨ho¨si Helsingissa¨ ja kaikkea hyva¨a¨ sinulle
ja perheellesi. Toivottavasti pida¨mme jatkossakin yhteytta¨! Ronnie en Josy, de vrolijke en
rustgevende deuntjes uit jullie Zweedstalige muziekcollectie hebben het schrijven van dit
proefschrift een stuk aangenamer gemaakt. Dank ook voor de spontane etentjes, gezellige
feestjes en whiskyproeverijen, ik ga ze zeker missen. Josy, succes met het afronden van je
promotie en daarna veel succes samen in Stockholm; ik kom graag een keertje op bezoek!
I am greatly indebted to my colleagues from abroad for the fruitful collaborations, many
stimulating (scientific) discussions and virtual endless supply of protein samples!
The work described in chapters 2 and 3 would not have been possible without the lab
of Professor Hans Vogel (University of Calgary). Hans (aka “the Boss”), bedankt voor de
prettige samenwerking in de afgelopen jaren en de mogelijkheid om enkele weken in jouw
lab te komen werken! I would like to thank Karla for her work on characterizing FepB and
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help during the initial stages of the NMR project. Byron, it has been a pleasure to work with
you and I envy your skills in biochemistry. I have fond memories of the time you spend in
Groningen and of my visit to Calgary; I wish you good luck with finishing your own thesis
and hope that we will eventually solve the structure of FepB!
I am thankful to Professor Dorothee Kern and her former graduate student Janice Villali
(Brandeis University) for the collaboration that resulted in chapter 4; it turned out that
your favorite protein, NtrCr, was an ideal system to demonstrate the use of our new NMR
experiments! Janice, thank you very much for the preparation of the different protein
samples. Doro, your passion for science and enthusiasm is truly inspiring and I am looking
forward to be working in your lab!
I would like to thank Professor Joel Sussman and Dr. Aviv Paz (Weizmann Institute)
for their gift of the neurologin-3 sample used in chapter 5; Professor Mikael Akke and
Eva Thulin (University of Lund) are gratefully acknowledged for sending us the pRCB1
expression vector for calbindin D9k.
Een deel van de relaxatiemetingen beschreven in hoofdstuk 2 en 4 heb ik uitgevoerd
op de 800 MHz spectrometer in Nijmegen. Ik wil Professor Geerten Vuister en Dr. Marco
Tessari (Radboud Universiteit Nijmegen) hartelijk bedanken voor het beschikbaar stellen
van meettijd en hun hulp bij het opzetten van de experimenten!
Buiten het werk om heb ik veel plezier beleefd aan het korfballen bij studentenvereniging de
Parabool en later bij burgervereniging ROG. Het spelen in teamverband en deel uitmaken
van een hechte vereniging was een welkome aanvulling op het soms wat eenzame bestaan
van een AIO. Ik zal de gezelligheid, sportieve hoogte- en dieptepunten, feestjes, bestuurs- en
commissieactiviteiten, spelletjesavonden en wintersportvakanties niet snel vergeten! Naast
de korfballers, wil ik ook de oud-studiegenoten uit Groningen en Heerenveen bedanken
voor hun interesse en de broodnodige ontspanning. Maaike H., excuses voor de verlate
promotiedatum waardoor je alweer in Honduras zit en er helaas niet bij kunt zijn... veel
geluk toegewenst daar met z’n drietjes en het etentje houd je tegoed!
Deze laatste alinea is voor mijn ouders, Edwin & Geartruda (en “mormel”) en Marcel &
Wietske. Bedankt voor jullie steun en interesse gedurende de jaren; een telefoontje of
bezoekje uit/aan Joure, Groningen/Toronto/Sittard of Amsterdam was altijd een goede
remedie tegen de onvermijdelijke promotiestress!
